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Summary

An urgent need exists for a 'high energy denSity secondary 'battery for applications such as
'electric vehicles and load leveling. This work involved the syn‘thesisof roorn temperature |
rnolten salts and the _eXandnation of the electrochemical and transport tproperties of these

salts‘w‘ith the goal of developing a room’ ternperamre rnolten _salt electrolyte for the
sodium / nickel(II) chloride battery. | The high temperature design of _th'e‘ sodium »/
 nickel(II) chloride hattery is commonly referred to as the "Zebra Cell and operates at 250
°(C. The Zebra Cell Consists of a liquid sodium anode, a B"-alturnina cerarrﬁc electrolyte;
sodxnm aluminum chloride 11qu1d electrolyte and an iron cathode | ~An arnbient_‘ :
_ temperature electrolyte would ehrnmate the need for the ceramic separator and allow the
use of a solid sodium anode The compaubxhty ot‘ the molten salts with the anode
' materlal (sodlum) has been 1nvest1gated usmg electroanalytlcal techntques such as cychc '
: 'voltamrnetry, chronoamperometry, and chronopotentlometry. Three organic salts have

been ‘investigated" l-methyl 2—ethyhrmdazol1um chlorlde (MEIC) 12 dlmethyl -3-

o propylmndazohum chlorlde (DMPIC) and l-methyl 2-propyhrmdazohum chlorlde

‘ (MPIC) Work has focused on the use of sodlum as an anode and the conditions whrch

provide the greatest coulombrc eff1c1enCy on reduction / ox1datron cycles. -




CHAPTER 1
INTRODUCTION AND BACKGROUND

| Concerns about ‘autor'nebile enﬁésions (NO,'(,YCO, particuIates, hyciroearb'ofis)
have accelerated the search for liéhtweight, 'energetic seCondary baﬁeries. Aceording to
B D. McNicol and D. A J .‘Ran'd, "The majef faetor‘ihhibitingﬂthe develel.)r.nerjl't of traffic
compafible eleCtric road vehicles is the lack‘-of' ‘é cOmmercially a\;eilabie, effective, and
eeenomical elec&ochemicel power seurce.v'\ E In re':sp’onse”'to this heed, the US
Department of Energy and the United States bAdva.nc:ed Bettefy Censortih'm (USABC)’ s.et
forth goals for the development of secoﬁdary battery technology. :Parameters such as
speciﬁe energy,"av measure ef a battefy'e energy stdrage ability per unit weight; sl‘)eciﬁci
power, a measure of e eattery's power output per unif Weighf; energy deilsity, a measure
of a betiery's eneréy storage ablity per unit volume; power density, a measure of a
battery's power outpu‘t pér unii volume; and Qt_he:s ‘relating to c‘yelel_l.ife and costs Were -
included in these go.als.”’Tt‘les.egeals are surmnarized in Taﬁle‘l. Pr'e‘:‘se‘r'ltly,'the= lead acid"
battery is the only batter»yk system' that has reasonébie peffefménce es Well asa

combination of reliability, commercial availability, and low cost. Other syStemS the




Table 11  Goals of the USABC? _

' lone hour (no failure)

| " Mid-Term LongTerm | Na/FeCly®
Specific Energy (Wikg) | 80 200 105
(C/3 discharge rate) | |
[Encrgy Density (Wh/L) 135 300 386
(C/3 discharge rate) “ - |
| Specific Power (W/kg’) » >15’0 } © 400 Depends an Full
(80% Depth of bly)lis‘cha'rge | | Cell Geo‘rhetry
fper 30 secoﬁds) | v a |
WlPower‘ Density (W/L) 250 600
LLife (yrs) 5 10
|Life Cycles (80% DOD) 600 1000
~ [Ultimate Cost ($/kWh) <150 <100 B
Operating Environment | '_;30°C to 65°C -40°C to 85°C ,v10°C to 80°C
[Recharge Time‘(hrs) | | <6 | _ 36 | ‘
IContinuous discharge in | 75%-0f rated capacity

[Power and Capacity

degradation

- 20% of rated speciﬁcation S

* Projected from Theoretical Values |




USABC believes have promise in the mid-term are sodium / sulfur, zinc / air, nickel /

metal hydride, and lithium / iron monosulfide.

1.1 High- Temperature Na / NiCl, Cell

 Another candidate system is the sodium/ nickel(II) chloride ("Zebr’a") cell. This
cell design is plctured in Figure 1 1 and for companson some prOJected performance
data is 1ncluded in Table 1.1. Thrs cell operates at approxrmately 250°C, utlhzes a

.molten sodium anode, an 1ron(II) chlonde cathode molten A1C13-NaC1 electrolyte and a

B"- alurmna separator Durmg d1scharge two electrochermcal reactlons take place At
“the anode metallic sodrum is ox1dlzed to sodrum ions. At the cathode 1ron(II) chlorrde V

is reduced to metalhc iron and chlorlde ions. The overall reactlons Na/FeClz cell are:

Charge f | 7 DA Discharge |
Na e 2Nat+2e
FeCly(s)+2¢ e Fee)+2Cl

" The Na/FeCly cell is promising because it utilizes rrl’aterials that are very abundant

. and easily recyclable. " Thisvconﬁguration prodoce's 235 V at 250°C but, at present, this B




High Temperature ) - Proposed Low

Na/FeCl, Cell R . Temperature Cbnﬁgufaﬁoh

Room .
. Temperature
Molten Salt

Electrolyte

Liquid Sodium

Figure 11 Presei)t configuration of the Na/ FeClz battery' (Adapted from 3).




battery is not among one of the three pnme candldates for electrlc vehlcle apphcatlons in

the U.s, but is bemg v1gorously tested in Europe

1.2 Ambient Temperature Na /MeCl, Cell

The ‘hi.gh operating temperature‘ is a severe handioap toward’the sodium /
nickel(I) chloride battery's widespread use. Reductlon of the operating temperature
below the meltlng point of sodrum (98°C) would not only elnmnate the need for a sohd B
separator but also ehmmate the hazards and i mconvemences associated w1th high
temperature devices. By utlhzmg a sohd sodium anode many safety and materlals
selectton problems are elrmmated | | |

o One requrrement for lowermg the operatmg temperature is to utilize an electrolyte
-which can function at this lower temperature The propertles of such an electrolyte would
be: reasonable conductmty (>10 S/cm) at temperatures below 98°C stab1hty in the
7 presence of sodium, solublhty of sodrum ions, and stabrhty in the presence of the cathode ‘
‘metal. Electrolytes Wthh show prormse are room temperature molten salt mixtures made
| ) from organic salts such as 1-methyl—3 ethyhrmdazohum chlonde (MEIC), 1,2- dlmethyl- ‘
| 3-propyhrmdazo’hum chlorrde (DMPIC), or 1-methyl-3-propyllrmdazollum chlo_nde_
(MPlC), and aluminum chloride (Alélg). The structures of these organic chlorides are

shown in Figure 1.2. A comparison of the melting point versus composition curves for




e BN +‘/NCH2CH3 D |

= CH3-N\  NCH,CH,CH: B
| A 2 2 3 L

| CH3

CH3—N\ N—CHZCHZCH3 - Cc
| anu;e 1 2 | Structures of Organlc; Chlor;des Studled A: IVIEIC B: DMPIC

| CMPIC o




S ,
| 06 08 1.0
Mole Fraction AlCl; -

00 02 04

: Figure 1.3. = Phase Diagram of AIC1;-NaCl and MEIC-AICl; SyStenis




the electrolyte used in the high temperature sodium / iron chloride cell and the MEIC

aluminum chloride system is shoWn Figure 1.3.

| - 1.2.1 Melt @. ‘uilibrium’ |

Although both the orgamc chlorldes and alumlnum chloride are sohd at room -
temperature when combmed in the proper st01ch10metry, the. salts form a salt rruxture
_with a melting pomt below room temperature The room temperature molten salt is |

snmlar to a high temperature molten salt. Tt has ionic specres Wthh can move freely in

the llquid thus g1v1ng ita relatively hlgh conduct1v1ty (~3 25x10‘2 S/cm) The types of

~ ions present depend on the stoxchiometry of the origlnal rmxture Two reactions that

- govern the melt equilibrium atroom temperature "are:4 » “
| Cr+AICIys) @ AICl  K=16+1019

AICly~ + AICI3(s) < ApCly”  K=1.6¥103

~ When the mole fraction of A1C13 in the melt'.is less‘than» 0’.5>(N<\O.5')‘, the two

chloroaluminate species that dOrninate are CI;‘ and A1C14f. Such a 'rnelt is termed bas_ic,: "
| due to the preSence of the Lewis base, cr. When N>0.5 the two chloroalurriinate species
 that dominate are A12Cl7 'an& AlCl4‘,isuch. a melt is terrneti acidic. When N=0.5 the'

dominant species is AICl4" and the melt is termed neutral.




At nédtralify the eléétkochemical behavior of; thé melt is "gove"rn’ed by the reductipn

of the> _organiz-:. cation (ME.I’“)‘5 6and the éxidétif)n 'of thcktetraéhl-oroalurr’linaft;eﬁioh' (AICI4-). .
| _’These two reactions occur ﬁear’ly 4.6 V apart,thls Wide rahgé"‘ of ele;trochenﬁcal

inactivity is fefgfred to as an electroche’rﬂical ";Nindb\if".iBeca.use ‘thi"s e#trer’nely widé

electroéherhig:al window is obsei'ved vohiy v;fhen thé ;h“elt xs exactly neutral, 1t canbe
\ somewhat elusive. |

~One methbd for producing a r‘nor'evfaciie n“éu’tral melt is to add to the melf a

substaﬁce that can react wifh exééss A12C17; in ax‘lv acidic melt 6r cr ih a basic meit, in

effect, a buffer.‘ Conﬁéniently; élkali meta_lvchlorid'e‘sbmleet t’hes'c_cri.fieria'.b When added to
| .a siightfy acidic (N=0.55) %nelt, alkali ‘meta'l cﬁlorides rééét with AlQClT 'acc'.ording t;) the

following reaction.

MCI(s) + AlyCly~ & M+ + 2 AICIy~
M=(Li,Na,K)
Thisk serves to consume any AlpCly~ present and also _produces'dis'solved alkali metal -
“ions. The dissolved alkali metal ions react with excess chloride ions by the following o

reaction.

M+ Cl- o MCI(s)
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'Thus alkali metal chlorldes can serve to buffer a melt and help mamtam 1ts neutrahty

Previous work by Yu’ has shown that a properly treated melt of MEIC 'AICI3, and

- NaCl can produce a sodrurn platmg / stnppmg couple at mercury Carhn Fuller, and

' erkes have reported the reductron of llthrum at tungsten and the reduct1on of lithium, -
sodium, and potassmm at mercury‘ RlCChCl and Wllkes have reported the reductlon of .
sodium at tungsten from a buffered neutral melt treated w1th an HCl source Rlechel and i
’- » Wilkes er(tended the negatlve limit of the electrochermcal w1ndow of the melt by the

K addrtlon of HCl The addltron of HCl i in the form of l-methyl 3- ethyllrmdazohum
hydrogen dlchlorrde (MEIHC12) appears to force the potent1a1 at which the N[El"' ion is

reduced toa more negatlve value. Other melt addltrves have been shown to produce a
similar effect. This allows the reduction and oxidation of sodium to occur within the melt

window.

| ‘l 2.2 Electrode Reactions
A successful electrolyte wrll allow reversrble electrochermcal reactions at both the
" anode and cathode Anode and cathode can be studled mdependently usmg an

' e_lectrochernical half-cell.
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1 2.2. 1 Anode
Riechel and Wilkes’ reponed the revers1ble platmg and strippmg of sodrum at

tungsten ina buffered neutral A1C13 /MEIC melt treated with MEIHClz Two techmques

for evaluatmg the practicahty of the SOdlle anode are cychc voltammetry and
. chronopotentiometry Using cychc voltammetry and 1ntegrat1ng the area a under the
'oxrdatlon and reduction peaks the number of coulombs used by each process can be
deterrmned The ratio of coulombs used for ox1dat10n to the number used for reduction is
called the coulombic efﬁcrency of the couple Similarly, the efﬁciency of the couple rnay
be measured by chronopotentlometry The current is constant in thlS techmque SO the _
: efﬁcrency of the couple can be calculated by measurmg the amount of time reactlons
occur at potentrals on either 51de of the formal potent1al of the cour)le |

: Recent work has demonstrated that the efﬁcrency of the platmg / strippmg couple
has a strong dependence on the amount of HCl in the melt or, equlvalently, the partial '\( :
.pressure of hydrogen chloride above the melt One of the difﬁculties in producmg an

efficient platmg / strippmg couple ina buffered neutral AlCl3 / MEIC melt is the fact that

V the sodium couple is located near the edge of the electrochermcal window. In an HCl free
melt, the potential for sodium reductlon is outs1de the melt wmdow, thus the organic ion o
: in the melt is reduced before the reduction of sodium. The addition HCI appears to 'shift ‘(
the potential for the reductionof the MEI* ion farther negatrve thus allowmg the |

revers1ble reduction and reoxrdation of sodium By the addition of HCl'to the melt and
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maintaining a constant partial pressure of HCI above the .rnelt, efﬁciencies abov‘e 80%
| have routmely been obta1ned T | |
Work by GlffOI‘dm first suggested that a second orgamc salt 1 2 dlmethyl -3-
propyhnudazohum chloride (DMPIC), rnay have’a reduction potent1a1 more negative than
" MEIC. Gifford compared the electrocheniical window of MEIC and DMPIC and |
concluded that melts made from_AICl3 and DMPIC posseSS a wider electrochemical
t Window. Recently, ’Scordilis-Kelley calculated the standard reduction potential of sodiurnk
ina protOnated buffered neutral Alél:}, '/DI\'/.IPICFmelt.“ SCordilis-Kelley found that
: sodrum couple was more rever51ble in the HCl treated DMPIC melts The approx1mate
“ reduction potentials and the e1ectrochem1cal wmdows of both the MEIC and the DMPIC

melts are shown in Figure 1.4.

1222 Cathode

The idealcatliode material would be one that can be oxidized to an ’insoluble: |
chlorrde near the positive edge of the melt w1ndow In early Zebra cells,“ iron was used
" reversible redox behav1or was observed More recently, mckel has replaced iron in thrs |
: high temperature cell. - |

In the amblent temperature version 1ron and nickel are both candidates despite
the fact that their formal potentlals are qu1te negative of the melt wmdow not utilizmg 1ts |

full capabilities The cathode selection is the subject of a separate study The
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(
development of a reversible anode and cathode would allow the assembly of a complete

full cell

1.2.3 Full Cell Electrochemistry

A schematic of a full cell is shown in Figure 1.5. The theoretical potential of the

cell (Ece]p) is given by the Nernst equation shown below

E E° RT1 a2, .
a = cell 2
aN +aFe

Where'

]
E cell

=E} , — Eg, =—0.409 —(=2.7109) = 2.302V

Potentlals are versus the Standard Hydrogen Electrode (SHE)
R=8.314 J/mol K-1

T = Temperature in K

n = Number of electrons = 2

F = 96485 C/equiv.

a = Activity of reactant

An important factor is the internal cell resistance and is a function of cell

geometry and the electrolyte conductivity. The internal cell resistance was of particular
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concern in th1s work because of the orgamc component in the molten salt electrolyte The |
51mp11c1ty of the cell de51gn should allow a compact cell geometry and help minimize the

cell resistance. -




Electron Flow

5 A full cell.

Figure 1
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CHAPTER 2

* EXPERIMENTAL METHODS AND EQUIPMENT

Sodrum was appeallng ‘as an. anode because of its hght welght and react1v1ty This -
react1v1ty also requrred more careful attent1on to preparatlon and handhng of the
e]ectrolyte and other battery components. A pnmary requlrement was that the electrolyte
be water and oxygen free Both water and oxygen react very qulckly‘wuh sodium, thus
_zreducmg the amount of electroactive mater1a1 avarlable For this reason, al] electrolyte )
preparatron was performed under a controlled atrnospherc When possxble handlmg of
- the room tem'perature molten salts and thelr precursors was carried out in a dry box
(Vacuurn Atrnospheres) with a combined oxyg'en. and water levelv below 10ppm. : For
operatlons wh1ch could not safely or convemently be performed in the dry box
_ dlstrllatlon and subhmatron for example apparatus was constructed for use outs1de the
: dry box. These operations were performed under nitrogen or yacuum in order to -
minimize water and oxygen contammatlon | - |

The dry box 1s a hermetlcally sealed nitrogen ﬁlled box. Items in the dry box are
- mampulated via butyl rubber gloves attached to portsina Lexan w1ndow Matenals and |

equrpment were transferred in and out of the box through an antechamber This -
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antechamber can be evacuated and refilled with nitrogen t’b prevent water and oxygen |
infiltration. The atmosphere inside the dry box is circulate'd'through abed of copper -

| catalyst and molecular 51eves Wthh remove oxygen and water whrch dlffuse into the box

o through seals gloves etc. Regeneratlon of thts bed is performed penodtcally, ehrmnatmg

oxygen bound to the copper catalyst and water absorbed by the molecular sieves. The use
of chemicals in the dry box Wthh can 1rrever31bly react w1th either the copper catalyst or
the molecular srevesmust be av01ded in order to maintain a water and oxygen free

- environment. -

2.1 Organic Chlo_ride Synthesis

- Synthesis of the organlc chlorides used in preparation of the roorn: temperature
rnolten 'salts was a multi;step procedure'involving the pUriﬁcation of the reactants by
dlstlllatton and the products by crystalhzatton The solvents used in synthesrs and

| crystalhzatron were also by punﬁed by d1st111at10n A single bench top multi purpose

distillation apparatus was constructed for all distillation procedures

’ 2 1.1_Solvent Purlﬁcatlon |
o Acetomtrlle and ethyl acetate were used extensrvely durmg synthesrs and
: vpurrﬁcatlon Acetomtrlle (Aldrtch) and ethyl acetate (Flsher) were reﬂuxed over calc1um

hydride (Fluka) usmg the dlstrllatlon apparatus conﬁgured as shown in Flgure 2 1. The
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Solvent Dlstlllatlon Apparatus
Reﬂux Valve

Distillate Thermometer
- Collection : o

- Dewar Type ,
Condenser .

| Firestone Valve

S o Vacuum
:{ljzzz 1 Nitrogen -
R R ermomet o

Three
. Way
Valve

.| Thermo

" }‘ Heatlng N
‘Mantle
Controlled

Stirring Bar

: Magnetic
Stirrer

- To
Transfer
) Flask

‘Figure 2.1.  Solvent Distillation Apparatus |
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still was first assembled and charged with calcium hydride. | The app'aratus was

vevacuated and refilled with n1trogen several times. The solvent was mtroduced 1nto the

o Stlll through a port in the bottoms ﬂask If the amount of water in the solvent is hlgh

_ (>1%) the solvent must be added with great care b‘ecause any water w1ll react qurckly “
wrth the calcmm hydnde to liberate hydrogen | |
The solvent was allowed to reﬂux for several hours at atmosphenc pressure under
a mtrogen blanket An 1ce / water mu(ture was used‘ in the Dewar condenser A Frrestone
valve (Aldrich) fac111tated the evacuation and reﬁll steps and msured that the pressure in
the still remains at atmospheric pressure during distillation. This important safety device
prevented pressure from building in the still. Following a period of reflux, the distillate
was collected and transferred to a flask which had been evacuated. The filled flask was
evacuated and chilled or completely frozen with liquid nitrogen. Flasks filled with
acetonitrile fractured if completely frozen, so these flasks were only chilled to lower the
vapor pressure for transfer through the antechamber ‘Frozen flasks of ethyl acetate were
easrly transferred into the dry box through the antecharnber Once thawed the solvent was

transferred to dlfferent flask for storage in the drybox

2.1.2 Reactant Purification
The reactants for the organic chloride synthesis were distilled using apparatus
similar to that used for solvent distillation. The two imidazole reactants have high normal

boiling points (1-methylimidazole: 198°C, 1,2-dimethylimidazole: 204°C), thus vacuum
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drstlllatron was used to prevent decomposrtlon The drstrllatron was performed over
calcium hydride. This consumed any water in the reactant and lessens bumping by actmg

asa boiling promoter. o

2121 1-Meth yllnﬁdaaol '

The dlstlllauon apparatus used for' l-methylumdazole purlﬁcatron is shown in
b Figure 2 L. The still was purged and backﬁlled with mtrogen several times. Calcrum
hydride was transferred from the drybox to the bottoms flask. l-methyhrmdazole (99+%,
Aldnch) was mtroduced into the bottoms ﬂask via a the access port The |

l-methyhrmdazole was added slowly w1th careful attention paxd to the amount of gas

o evolved as the lquId contacts the calcmm hydrlde Slnce the 1rmdazole was extremely

_hydroscoplc rap1d hydrogen evoluuon could occur if the imidazole had absorbed
) -v51gn1ﬁcant amounts of water. Large amounts of hydrogen evolutron could result i in an
: exploslon if the capacity of the Firestone valve to vent the ex‘cess gas is exceeded. 'The -
‘. flask was ﬁlled to approxrmately half 1ts capacrty Flllmg above half the capacity of the
bottoms ﬂask can result in severe bumpmg and calcrum hydnde may be carned up the
~ column leading to dls'trllate contannnatlon. o
Following addition of the l—methylimidazole 'the still .was eva’cuated and refilled o

several times. The Stlll was Jeft under vacuum and the ternperature of the bottoms flask

 was slowly rarsed by applymg power to the heatmg mantle via the Varlac The still was

left under vacuum for the extent of the dlstrllatlon A 11qu1d nltrogen trap was used
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‘betWeen "mé Firestone 'valve and the vacuum pump. This condensed all gasses, ‘except
hydrogen that condense at temperatures below the temperature of the Dewar condenser

Care was taken to make sure the trap did not clog due to freezmg of the condensables that N
. reach the trap If the trap clogs the bottoms and distillate temperatures rise as the - |
' pressure of the still i 1ncreases The operatrng pressure of the still was.controlled by the ‘
distillate temperature and should remain constant if the condenser was at__constant .
temperaturet : |

. The still was operated under constant reﬂux for .several hours; Anice / water

nri)tture vtzas used in the Dewar condenser The distillate was colle‘cted and transferred to
around bottoms flask for transfer to the drybox ‘A procedure similar to that descrrbed for.

the solvent transfer to the drybox was used for transfer of the mudazole drstrllate

2122 12-Dimethylimidazole
__Vacuum distillation was also used for purrﬁcatron of the 1,2—dimethy1in1jdazole. |
‘t The apparatus was rnodiﬁed sllghtly due to the higher freez’ing‘poin_t of 1.,2- : | |
‘ dimethjrllniidazole (~'38°C)'.’ The Dewar type condenser was replaced with a coiled n :
.c'ondenser. The apparatus is sho_wh in Figure 22 "i_ThisvalloWed'circulationo'f /‘v’vater
‘ -» thr‘ough the condenSer and by using a temperature controlled circulator, careful control of

-the condenser temperature If the condenser temperature was too low formatron of

crystals rather than quurd condensate was observed Followmg a perrod of reﬂux the T

distillate was collected and transferredto 2 round bottoms ﬂas’k for transfer into the




‘drybox. Special care was exercised to prevent freezing of the distillate in the transfer

tubes.

2.12.3 Ethyl Chloride

Ethyl chlorrde (Matheson) was distilled over calcrum hydrlde The apparatus used‘ .

- for thls procedure is shown in Flgure 2.3. In thrs conﬁguratlon the still uses a dry ice /

methanol mlxture in the Dewar condenser and ice water in the reboﬂer The dlStlllatIOIl ,

was carrled out at atmospherlc pressure T he reboiler was charged w1th calcium chlorlde

'_followmg several evacuatlon and refill cycles After evacuation, ethyl chlorlde was

-1ntroduced into the stlll asa gas directly from the cyhnder As the ethyl chlonde entered
the still, it condensed at the Dewar condenser and drlpped into the reboxler Once a
su1tab1e quantlty of lquId has formed the gas cyhnder was turned off and the still |
brought up to atmospherlc pressure w1th nltrogen via the Flrestone valve Reﬂux was
commenced by slowly warmlng the reboiler by removing the ice. The normal b0111ng
point of e.thyl chloride is ~12°C. The amount of reﬂux was controlled by the temperature
of the water bath. The ethyl chloride was refluxed for several hours then transferred

directly to a pressure vessel charged with the other reactants and solvents

2. 1 24 Prop_yl Chlorlde

Propyl chlorlde was dlStlllCd ina manner very snmlar to acetomtrlle and ethyl

acetate A distillation over ca1c1um hydrlde was carrled out at atmospherlc pressure
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'Very little h‘eating was required at the reboilerkdue to the loWer normal boiling point of

. propyl chlor1de (~46°C). An ice / water rmxture was used in the dewer condenser The

. propyl chloride was reﬂuxed for several hours Followrng distillate collection the propyl

chloride was transferred to a round bottom flask and taken into the dry box.

2.1.3 Synthesis'
Synthesis of the three organic chlorides was carried out at room temperature. This

decreased the pressure in the reactor and, thus, decreased the likelihood of an explosion.

' 2 1. 3 1 l-Methyl 3-ethylirmdazollum chloride

The reactor used for 1- methyl -3- ethyhrmdazohum chlonde synthe51s is shown in

Figure 2. 4 The vapor pressure of ethyl chlonde is ~24 psra at 25°C This should be the
. approximate operatmg pressure of the reactor dunng synthesis. The reactor was pressure
- tested to ~50 ps1a to insure some margm of safety Several batches of MEIC were
| synthes1zed over the course of thls work. A typlcal batch would begin with the addmon
of 200 ml l-methyhmldazole and 100 ml of acetomtrile to the pressure bottle Ethyl
“chloride was distilled and transferred directly to the reacuon vessel ThlS smgle phase
’solutlon was allowed to st1r for approxrmately three weeks outsrde the dry box resultmg

ina smgle yellow1sh hqurd Excess ethyl chloride was removed by pullmg a vacuum on
the reaction vessel and condensing the resulting vapor. The hquld product was

acetonitrile saturated with crude MEIC
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Figure 2.3. Apparatus for Ethyl Chloride Distillation
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2132 12-Dimethyl- 3 ropyli'rnidaaoliurn chloride

Because propyl chlonde is a liquid at room temperature the pressure requrrement
of the reactor was relaxed. ‘Thus, a 51mple 1000 ml Erlenmeyer ﬂasl( was used instead of a
the pressure bottle. bAll reactor charging was performed in the drybox thus minimizing
the chance forcontamination The flask was charged:with 'sufﬁclent acetonitrile to
d1ssolve approxrmately 200 gof 1 2-d1methyhrmdazole To thls a 100% excess of propyl
chlor1de was added ‘The solut1on was allowed to sit in the dry box for several weeks at
which pomt crystals began to form T hese crystals were harvested and addmon reactants |
added to the reactor The crude DMPIC crystals were further punﬁed through

recrysta_lhzauon. :

2.1.3.3 1-Methyl-3-propylimidazolium chloride
As with the DMPIC‘ synthesis the 1-methyl-3-propylimidazolium chloride
synthes1s could be camed out at a lower pressure due to the lower vapor pressure of

propyl chlorlde at room temperature A 500 ml Erlenmeyer flask was used as the react10n

i vvessel The reactor was charged with 150 ml l-methyhrmdazole and 300 ml 1-

chloropropane A smgle 11qu1d phase was observed The hterature 1nd1cated some
dlfﬁculty in formatlon of MPIC crystals SO nO addmonal solvent ie. acetomtnle was »
kadded After approx1mately two weeks two lquId phases were ewdent Theheavy phase o
: was assumed to be the product rich phase This heavy phase was separated from the hght :

phase using a separatory funnel.




" 1-Methylimidazole +  Ethyl Chloride

\

. .1-Methy-3-Ethylimidazolium

Chloride -

* Figure24. Reactor Used for MEIC Synthesis
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2.14 Product Purrfrcatlon |

In the case of MEIC and DMPIC a crude crystallme product was obtamed from :

the synthesrs The MPIC synthesrs resulted in a hqurd product These products requrred |
| v slightly different treatment for addrtional purrﬁcatron. The crude crystals were drssolved
ina rmmmum amount of acetonitrile to form a srngle 11qu1d phase For the MPIC }
product the formation of a seed crystal was achleved with great dlfﬁculty A small ::
| sample of hquid product was transferred to a 50 mlsﬂask A few crystals of NaCl were
, added to the sample and the ﬂask capped wrth a septum and transferred out of the dry box
toa refrigerator After several weeks, crystals formed These seed crystals were used for |
' v further crystalhzatron of the crude product | |
Further crystallrzatron of the crude products was essentlally the same for all three |
' products The apparatus for this step is shown 1n Frgure 2. 5 | The acetomtnle / organrc'.
| chlorrde solutron was added dropwrse to a large excess of ethyl acetate. In the case of the V
| | hquid MPIC product it was added directly to the ethyl acetate.” A seed crystal was added
to the ethyl acetate used for MPIC crystalhzatron In all cases v1gorous strrrmg was
necessary to prevent the formatlon ofa second liquid phase For MPIC crystals would
“only form in the presence ofa seed crystal otherwrse a quurd phase resulted The
crystals were separated from the ethyl acetate / acetonitnle solution by vacuum ﬁltratron

‘ Remdval of the remaining solvent from the filtered crystals was accompllshed by "

.heating the cryStals pas_t their melting point and applying a yaCUumto the molten _Organic .

 salt. The apparatus for this procedure iis shown in Figure 2.6. The entire apparatu’s was
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Figure2.5. Recrystallization of the Organic Chlorides
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inside the dry box The air bath was heated via a hot plate to shghtly above the meltmg
pomt of the orgamc chlonde The outlet of the melting flask was connected to the
antechamber of the drybox and the antechamber vacuum pump was used to remove the
solvent as it is releas‘ed from the melting orgamc ‘chloride. The vacuum was apphed prior
to heating the flask to minimize the risk pressure building in the flask due to heating. The
solvents used have s1gn1ﬁcant vapor pressures at the melting pomts of the organic
chlorldes and are easﬂy removed leav1ng a pure orgamc chlonde

While molten the orgamc chlorldes were poured 1nto small boats fashloned from
: alurnmum foil. The organic chloride sohdiﬁed as it cooled leavmg a sohd chunk of
material ThlS chunk was broken into small pleces and stored in w1de mouth bottles in

the dry box.

2 ‘Aluminum Chloride Purification

Aluminum chloride was‘ puriﬁed using a method snnilar to that described by Gale
and Osteryoung Ampules were fashroned from 25 mm OD heavy walled borosxhcate
glass. A hi-vac stopcock was attached to one end w1th a ground glass Jomt Each ampule
was charged with 150 g of alurmnum chlonde (Fluka) 25 g sodlum chlorlde (Aldnch)
and several two inch lengths of 1 mm alurmnum wire (Aldnch) The ampule was heated
to approX1mate1y 100°C under vacuum overmght This served to remove any gas or

volatile compounds. The apparatus for this first step in the aluminum chloride
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purification is shown in Frgure 2. 7 The ampule was sealed by the glass blower and the L

L end fashloned into a hook

The ampule was place into a‘vert‘iCal tube fur'nace as illustrated in"Figure 28and
f' _heated to approx1mately 200°C Care was taken to shxeld the apparatus in the event of B

" any explosmn The vapor pressure of AlCl3 is 295 kPa]3 at 200°C Addrtronally, the

) cxposure of AlCl3 vapor to hurmd arr results 1n generatlon of hydrogen chlorlde gas As k— o o

the ampule was slowly w1thdrawn from the oven ‘alummum chlorrde condensed on the
| vwalls of the tube Th1s subhmatlon process ‘contmued untll apprommately v80%. of the
j alummum chlonde wassubhmed The rate .of subhmatlon was’ controlled by the rate of L
rernoyal of the tube frorn the oyen | a | |

The tube was allowed to cool thus sohdlfymg the lower qu.uldphase along w1th
any unpuntles The tube was transferred to the dry box The ampule was broken and the | viv
pure alurmnum chlonde separated from the remnants of the tube. ‘The chunks of

aluminum chloride were stored in the dry box in srnall_bott_les‘.

2.3 Melt Preparation

Room temperature molten salts were formed by combining the appropriate
amounts of aluminum chloride and organic ’_chlorlde to form either an acidic or basic melt.

 The components were added as pea sized chunks to prevent fast dissolution and heat




- evolunon ‘Combining ﬁnely d1v1ded amounts of the components could result in rapid
heatlng of the melts and decomposmon of the orgamc component Buffered neutral melts

o were formed by ﬁrst preparing an ac1d1c melt generally N—O 55 To the aCIdlC melt the

, approprrate alkah metal chlorlde was added usually in 100% excess of the amount RERR

O req‘uired to:completely react with the excess alumi_num chloride'.' This melt was ‘allowed “ o '
to'stir for seyeral days to a_llow the undissolved sodium ‘chloride to 'reach:'equilibr_ium‘w’ith

 the free Na” produced during the buffering reaction.

24 Melt Additives

Several additrves.have been reported to facﬂltate the platlng and stnppmg of

k 'sodlum by preventlng or 1nh1b1t1ng the electrochermcal reductron of the orgamc cation .
and the direct reactron of‘ sodium w1th the rnolten salt electrolyte Two of these melt

| additives (HC] ‘and SOC],) are examined here The first reports of melt additives
affectlng the platlng and stripping of sodium from a MEIC/A1C13/N aCl molten salt
 indicated the addition of protons in the form of 1-methyl-3—ethylumdazohum hydrogen
dichlorideb ThlS mixture is hquid atroom temperatures and is a convenient method of
addmg protons to the melt "This mlxture was formed by condensmg ‘gaseous hydrogen
chlonde onto sohd MEIC as descrlbed by Dawod1nsk1 As the rmxture was warrned to

-TOo0m temperature', the MEIC dissolved and complexed with the HCl. The solubility 0f ’
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: HCl in this liquid was low so that a nearly equimolar mikture Of HCI and MEIC is
" formed The precrse storchrometry of thrs mrxture was venﬁed by trtratlon wrth sodium
hydrox1de Thlonyl chlonde (Aldrlch) and hydrogen chlorlde (Matheson Sermconductor

, Grade) were used as recerved

"' 2.5 Electrochemical Analysis

A variety of electrochemica‘l methods and tools we_re utilized to investigate the =~

electrochemical behavior of the molten salt electrolyte. ‘Of specific interest was its ability
* to plate sodium on a solid substrate and the stability of metallic sodium in contaet with

the molten salt.

2.5.1 Closed Electrochermcal Cell

In order to mvestlgate the effect of hydrogen chlorrde gas on the electrochemlcal
»behavror of the rnolten salt a gas trght electrochermcal cell was constructed Thrs cell 1s’ :
plCtllI'Cd in Flgure 2. 9 The cell allows HCl to be bubbled through the molten salt in orderv -
to maintain a constant part1a1 pressure of HCl above the electrolyte. The flow systern
,shown in Figure 2 10 allowed blendmg of HCl and argon in any proportlon in order to
~ precisely control the partral pressure of HCl1 over the molten salt The outlet bubblers
prevented atmosphenc contamination of the electrolyte under study and served to

maintain a constant total pressure in the cell. ‘Although the relatlonshrp between
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: dissolved HCl in thevn‘iolten salt and the partial pvres’sure of HCI aboye the molten salt was
: unknownh a Henry’s law type behavror was suspected to exrst |
Typrcally, blended HCl and argon would be passed through the electrolyte for 1
o hour after whrch the cell was sealed to mamtam a constant HCl pamal pressure :
1 Experlments mdrcated that the electrochenucal propertles d1d not change with longer o
" .penods of HCl ﬂow ThlS suggested that the electrolyte and gas reached equthbnum :

- wlthln 1 'hour.

252 Electrodes |
' The most pract_icalanodesu‘b’strate is stainless steel; the s'tainless steel electrode is
~ pictured in Figure 2 :l 1B. HoWeyer be'cause SIainless”steel"contains rnany elements B
"extraneous electrochemlcal reactlons ’mlght be present For 1mt1a1 experrments a pure k
-substrate is desrrable Tungsten was rnert m the system and a tungsten drsk electrode is -
e'asrly fabncated usmg borosr‘hcate glass due to thetr’smularthermal expansron
‘coefﬁ'cients.. Thet‘ung‘s‘ten electrode 1sshown in"Fi‘gure 2.1 lA 'Stainlessistee'lv Was also of | : -
mterest because of its usefulness ln practrcal cells For studles of the electrode surface :
using optrcal mrcroscopy, a ﬂag type electrode constructed from tungsten sheet This
electrode is pictured i in thure 2 11C. The tungsten sheet electrode was modrﬁed shghtly |
to minimize edge effects by coatmg the back and edges of the electrode w1th epoxy. ,Thrs

-configuration is pictured in 'Figure 2.11D.




‘I mm Tungsten Wire

A

1/16" 303 Stainless
 Steel Wire

Borosilicate Glass Sheath

a

' 1 ﬁmTﬁngswﬁ Wire -

Borosilicate Glass Sheath

01 mm Tungsten Sheet

B ¢ D

Figure 2.11. - Electrodes used in Electrochemical Studies




>2 5 3 Technlques

Several electrochemlcal techmques were used to e)tanune the t)ropenles ef the -

room temp'erature rnolte_n 's‘alts and their interactton with me'talhc sothurn. These metheds

‘inclnded: cycli‘cv voltammetrychronopotentlometry and ‘chr'pnoamperometry;' All R
" 'elec'trcchemical. metheds‘ insiclsre the modulatlon cf potentlal vel‘r‘s;us tirne and the .

' recordtng of the resultlng current .behav10r’or the modulatlon ef curtent tlersus time and
o the recordmg of the resultmg potent1a1 behav1or ) | . |

| The mstrument used for electrochermcal nnaly51s vnes a‘ EG&G Pnnceton Aprplled:k

Research Model 273 Potentlostat/Galvanostat mterfaced w1th an IBM compatlble PC. A :

' snmple schematlc of the potentlostat is pxctnred in ’Flgure 2. 12. .

| ,v 2531 Cyclic Voltammetry

This potential scan exberirne'nt ihVOlves the niodulétion ot‘ the pctentiet at the a
wotking electrode ina _linear'vfashi‘on. The bdtentiel scan 1s fenerseti at e‘.‘sw!itchinfg -ti’me,v |
A Figure2, 13A illustrates the 'pote'ntin v.er‘stls‘ time hehavier‘att’he workin etecttode.
The tesulting current tespcnse is_"recorded. A typical cnt'r'ent response fora vrenetSibIe; .
diffusion ccntrciletl system is s'how‘n‘in Figure 213B VGenera‘ll.)t, the curtent is nlctted
versus potential at the working electtcde. Cyclic voltémtnetly is a popular techmque for
nevtr syStems because it can pfcnide a insight intovb'oth the therrhodjnarnics and the

~kinetics of complex electrochemical reactions.
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2532 Ch’ronopotentiontet_ry‘v o
A useful controlled current method is chronopotentlometry ThlS method 1nvolves' ‘
modulatron of the current drrven through the workmg electrode Freduently, the current
s ‘rever_sed at some tlrne', A, through the scan. Flgurev'2. 14A 1llustrates the behavror of the “
- 5 current with .tirne during chronopotentiometrvt Thrs m‘e:thodllprovided insi‘ght lnto the -
E platmg of sodlurn at constant current Srnce the current is vprecrsely controlled 1solatron |
» .of the platmg reactlon was rnore strarghtforward than wlth cychc voltammetry A typrcal : |

“ potentlal response for chronopotentlometry is shown in Frgure 2 14B

2.5.3.3 Chronoarnnerornetry’

- The comphmentary technlque of chronopotentrometry is chronoamperometry

B Thrs techmque modulates the potentral of the workmg electrode in a stepwrse fashlon
‘The potenttal begrns at the open c1rcu1t potent1a1 the potentral correspondrng to zero0 K
current ﬂow At time ' zero the potentlal is stepped to a value of 1nterest At the SW1tchmg e
time, A, the potentlal 1s stepped to a second value. of 1nterest Thts potentlal versus tlrne

: behavror is illustrated i in Frgure 2.15A.- The curre’nt is recorded versus timei la typical “
response 1s shown in'Figure 2 15B. Th1s technique is useful when prec"vise‘ COntrol o'f the
electrode potent1al is necessary Currents generally vary greatly durmg the course of the
experiment as reactants near the electrodes surface are consumed very qurckly

immediately following the potential steps generating very high initial currents.
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CHAPTER 3

THE MEIC/AICI3/ NaCl SYSTEM

3.1 Results

The cathodxc stablhty of the neutral buffered MEIC-A1C13-NaCl melt and the

effect of HCl addltron on the deposmon and strlppmg of sodlurn were studled Frgure 3 1

shows a cychc voltammogram of the MEIC AlCl3-NaCl buffered neutral melt usmg a

0 78 rnm2 area tungsten dlSk The scan was started at l 5 V and the 1n1t1al scan dlI'CCUOI’l
was toward negatrve potentlals The scan rate was 100 mV/s The reductton lrrmt of the
untreated melt was approx1mate1y -2, 1 V as deﬁned by the potentlal at whrch the
electrolyte reductlon current was l 5 mA/cm2 Rrechel and erkes attnbute the cathodlc
peak at - 1. 3 V to the reductlon of alummum The peak current densny for the
unpuntres seen between 1 0 and 1 5 V were greater on a platmum electrode than on a
tungsten or stainless steel electrode ThlS observatron is in agreement with that of

- previous workers.” The exact nature of these impurities has not been determined
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It Is possrble that the cathodrc potentral range is hmrted by the reductron of the

MEI+ whrch may dlmerrze It does not appear that Na"’ has been reduced at the negatrve |
potentral hrmt on tungsten because there i is no anodrc strlpprng peak observed upon scanv . .' o 1
' reversal at -2. 2 V versus the reference\ Sodium deposrtron has prevrously been observed “

ona mercury electrode 17 Fxgure 3 2 shows a cychc voltamrnogram for the buffered

: neutral melt at a 303 starnless steel drsk (2 0 mm2 area) The scan rate was 100 mV/s

i v The current peaks at 1 oV and 1 4 V were much smaller at the starnless steel electrode

than attungsten; The‘ cathodrc lrrmt_ _’of the r_nelt appearsto be the same at303 stainless e
steel a's'with tungsten tca.---‘z.'z'. Vat 15 rnA/Crhz) | - | |
It has been reported that the addrtron of protons to the melt extends the
B cathodrc lrrmt of the melt and allovvs thereductron of Na+ Gaseous HCl and orgamc
acrds have prevrously been used to treat the melt s Srmth et al formed MEIHC12 whrch N
,.1s hqu1d a room temperature by reactmg 11qu1d HCl and sohd MEIC." 16 Rrechel treated
‘melts by usrng thrs quurd HCl source Rrechel M1edler and Schumacher demonstrated |
-‘that a shift in reductron potentral of the orgamc catlon occurred only in buffered neutral o -
| v ‘melts."” Durmg this study, a sumlar effect was observed The potentral requrred to
: achreve a current densrty of 13 mA/cm shlfted negatrve approxrmately 200 mV w1th
HCl addition to the level needed to observe the sodlum couple |
The flow-cell constructed for this study was used to quantrfy the effect of :
treatment with HCL The partral pressure of HCI was varied by drlutrng a pure HCI

stream with an inert gas _(mtrog‘en or argon). The cychc voltammogram for the neutral,
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| buffered melt treated wrth 5‘0‘ torr HCI is shown in Frgure 3.3. The shlft in the cathodrc .
- limit of the melt to more negatrve values can be seen however the deposrtron of sodrum

| V"was not observed The current due to the reductron and oxrdatron of 1mpurmes 1s smalter
| ,‘;The I- V behavror of the neutral buffered melt w1th the partral pressure of HCl marntamed |
, at 6 1 torr i is shown in Flgure 3 4 The sharp rrse in the reductron current at |
approxrmately -2.3 V agam showed the melt is rnore stable than the unbuffered .r‘nelt In o

: Frgure 34, the cathodrc current contmued to I'lSC after the sweep reversal at -2 4 V kand a L
7' V ‘sharp ox1dat1ve strlpprng peak was observed on the pos1t1ve gorng scan whrch is 5
characterrstrc of sodrum oxrdatron The reductron peak was prrmarlly that of sodlum
reductron 4The 1ncrease in the reductron current followmg the scan reversal at -2 4 V. wasj
attrrbuted tothe overpotentral assocrated w1th the nucleatron of sodrum on tungsten The k B
"krnetlc detalls of this process were not mvestlgated Once sodrum was deposrted on the
surface the overpotentral .was reduced and the current rose at the same potentral There
was no evrdence to suggest ‘the concentratron of sodlum in’ at the surface of the electrode
| was slgnlﬁcantly reduced for these experrments usmg modest currents for short times. At
potentlals posrtlve of the sodlum redox potentlal (ca -2 1 V) the electrodeposrted sodrum :
- was ox1d1zed resultlng ina sharp nse in the anodrc current When the electrodeposrted
sodrum was exhausted, a very sharp drop .m the oxrdatron current was observed
Integratlon of the reductron and oxrdatlon currents was used to evaluate the coulombrc

efﬁcrency of the process
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For cyclic voltammetry, the beginning of the reduction process and the end of
the oxidation process were chosen based on a significant change in slope of the curve
The end of the reduction process and the beginning of the oxidation process were
assumed to occur simultaneously when the current changed from positive to negative
For cyclic voltammetry, the limits of the integration also corresponded to the lowest
currents Thus, the techmque used in choosmg the llmlts d1d not result ina srgmﬁcant
error in the total charge passed or the calculated efﬁ01ency For chronopotentlometry the
begmnmg of the reductlon process was arbltrarlly chosen as the pomt at Wthh the
potent1al reached 2. 0 volts The end the reductlon process and the beg1nn1ng of the
omdatmn process were assumed to occur 31multaneously when the current was reversed.
The end of the oxidation process Was chos'en based ona s1gniﬁcant change in slope of the
potentlal versus time . curve For chronopotentrometry the changes in potentlal assocxated
w1th the reductlon and ox1datlon processes were usually very dramat1c and the potent1al
changed rapldly w1th tlme Coulomblc efflclency is deﬁned as the rat1o of ox1datron
charge assomated w1th sodlum strlpplng d1v1ded by the reductlon charge assoc1ated w1th
sodium platmg The coulomblc efﬁ01ency for the deposmon and strrppmg of sod1um in
Flgure 34is 63%

The shift in the cathodic stability of the melt with HCI addition was reversible
If the cell was purged with 5 torr HCI following the 6.1 torr experiment, no sodium
reduction is observed. The cathodic stability shifted back to -2.1 V from -2.3 V when

purged with pure nitrogen.
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In addition to facilitating the'reductidn and stripping‘:"of sodium sev'eral other I-
V effects were observed wrth the addrtron of HCl The 1mpur1ty peaks observed in Flgure )

33 and Frgure 3. 4 were srgnlﬁcantly smaller A peak attrlbuted to the reductlon of protons '

. . due to HCl addltrons is shown 1n Flgure 3. 5 at approxrmately —0 4V. The reductron peak S

decreased wrth subsequent scans (see scans 1to 3) and was seen only followrng HCl B
treatment lt was ehrmnated by ﬂowmg 1nert gas through the cell and reducmg the HCl ,l o
concentratlon The reductron of protons has been reported in melts under similar - N
condltlons 18 The dlmrnrshrng magmtude of this peak wrth successwe scans sug:gestedthrat | :
it rna‘y be due to a surface effect. The peak at ~O_.4 V‘was also observed vvhen 'the'rneltvvas “ e
| treated with substituted amine ° hydrogen chlorides.15 A"s the HCl partial pressure Was k.
increased,the reduction current 'as'sociated with the addrtlon ’_ of proton's also decreased‘. '
: | This une)rpected effect "vvas’reproducible and Was dernonst:“rated::in rnore detall 1n the |

8 ~chronopotent1ometr1c experrments Itagaln suggested that thlS proton related peak is due to

a surface effect such as changmg the chermcal composmon of an oxide layer on the
| ungsten surface._ | | |
: The chermcal stabill’ty of the' sodiurn in the melt'and: its coulombic efﬁciency o

are very important pararneters m the use of this melt and redox vcouple ina battery
’ apphcatron The coulombrc efﬁcrency was 1nvest1gated asa functron of the pamal

A pressure of HCl for the buffered ‘neutral melt ata tungsten electrode Frgure 3. 6 Frgure
: ’3 7, and Flgure 3. 8 show three chronopotentrograms for an untreated melt (Figure 3. 6) 5

| torr HCl treated melt (Flgure 3. 7) and 6. 1 torr HCl1 treated melt (Frgure 38)ata tungsten :
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electrode. The reduction current was 2.56 mA/cm?; the oxidative current was the same
, magnitude after cUrren’t re‘\}ersal The c‘urrent was reversed after 1 s for the untrea‘ted
E rnelt Frgure 3 6. The proton reductlon current at approxrmately 15 V is easrly seen,

B 'correspondmg to the peak seen at - 1 5 V in the cycltc voltammogram Followmg the o

’pconsumptron of all avarlable reducrble specres at-1.5 V a second reductron begms at- : ‘
2. 18 V After current reversal the ﬁrst ava1lable oxrdatron reactlon occurs at about 0 6 V o
If a reversrble sodlum couple were present oxrdatron of the metalhc sodrum would have ER

| .occurred at approxrmately 2.1 V The lack of sodlum ox1dat10n shows that the reductlon'

_ at-2. 18 Vis elther MEI* or Na+ that has already reacted wrth a melt component - |
The effect of 5 0 torr HCl on the reductlon of sodlum 1s shown in Flgure 3 7

The inCreased stablhty of the melt and proto‘n reductlon peakrcan be seen. No sodlum

~ oxidation was observed upon current reversal. The chronopotentiograrn of the neutral, - -
basic melt with 6.1 torr HCl is shown in Fignre 3.8. A smaller time for proton related

current is seen,p_fOlloWed by a small 'over'poten'tialfor: the nucleation of sodium. Once this

3 initial layer has been deposited,‘ the reduction of additional sodium proceeds at a constant
' potential of -2.20 V. After current reversal at 10, the constant current oxidatiOn of
sodium is observed at -2.08 v, followed by the ox1dat10n of the melt begmnmg at

: approx1mately 16 s.

The coulombic efficiency of the sodium couple was measured as a function of

* HCI partial pressure by both cyclic voltammetry and chronopotentiometry, and is plotted

in Figure 3.9. The threshold for achieving sodium deposition and stripping was
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. approxrmately 6 torr. Below thlS threshoid no facrle sodium couple enrsts Thrs.
threshold effect was reversrble If the HCl partial pressure was decreased below the
C threshold followmg treatment of a melt at a part1a1 pressure above the threshold for
B :platmg and str1pi)1ng o_f sodlum,'sodmm platmg is no lon‘ger obse’ryed. One could } -
‘ repeatably purge the melttoa c"ond»ition above and be'low the' threshoid;' |
B - The highest coulombic efficiency'obtained for the sodlum coupvle was 94%i |

F-Thts max1mum efﬁC1ency was obtained at tungsten in a constantl current experrment ata
' ”current densrty of 6 4 mA/cm2 and a platmg time: of 3i) s. A series of

| chronopotentiometric and cychc voltammetry experlments mvolymg current densrty, | :
- charging time, and current’interrupts were performed to help identify the nature of the: '

' _paras‘iticreaction.i v | o i

The effec__t _of current density on the coulombic efﬁciency of the sodium coupie

- was examined. Using chronopotentiometry, a series of reduction / oxidation experiments

: were"carried out with current denSitie’s"i ranging from'-;O.S to 7 mA/cm2 The reduction a
was performed for 60 s followed 1mmed1ately by ox1dation The effect of current densrty
on efﬁc1ency is shown in Flg 4, 6. These results suggested that for relatively short tlmes
and moderate current d_ensities, incr_easing current density increased the efﬁciency of the'
couple to a maximum of about 94% . | |

| Two s'eries of constant charge expe’riments‘ wererperformed. First, a set.'of a
chronopotentiometric experirnents were executed while varymg the“cur'rent density and

time of reduction in order to reduce the same amourt of sodium (51 mC/cm?).
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: _lmmediately after reduction of 'the sodium at tungsten, the currentwas reversed and the
sodium was o;(idiied. | Current densities ranging‘ fror'nh5v to 25’@cm2'wére used. '
| Srnularly, current densrtles rangmg from 0 5 to 13 mA/cm2 for. a total charge ~of
’.‘102 mC/crn were used ina second experlment It shou]d be noted that at low current i
: ;‘densities, "the'electrodepos'ited sodiurn Was in ’contact with the r‘nelt for lono perio‘ds‘ of o
i tlme whereas at hrgh current dens1ty, the electrode potentlal was at rts most negatrve

E value The results are shown in Frgure 3 11 | |
| In order to further evaluate the effect of exposure tlme an. addmonal series of
‘: ‘chronopotentlometrrc experlrnents were performed ‘where the reduced sodrunl was _‘ ' :
exposed to the rnelt for nearly a'constant t1me.‘ “ An open‘ c1rcu1t delay was rns’erted
v;_hetween the constant current red_uetion' and constan‘t:cu’rrent Qii&aﬁoﬁ SO that the urne -
between the start of 'reductio'n:and the startof oxrdat1onwas constant.l Ctirrent densities .
: "rangrng from ~O 5 to 5 mA/cm2 were used The results of a 1. 0 mC reductlon usrng this

| method at stalnless steel are shown in Frgure 3. 12

| Finally, the open circult stabilitv of reduced sodlurn in the bu‘ffered’ neutral

melt was studied. Slodium'was ‘plated on a tungsten"‘electrodei atacurrent densrty of 15 |
rnAv/cm2 ‘for"30 seconds while stirring. Th1s corresponds to 3.6 rnC and ~1300
monolayers of electroplated sodlum The open c1rcu1t potentral of the electrode was

, :monrtored for 3 hours at wh1ch time the expenment was terrmnated The potent1a1 of the
- reduced sod1urn'stayed approrumately c'onstant at about -2.1 volts with respect to the

‘reference.
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} oxndatlon is constant and the total reductlon charge is 5 1 mC/cm




| 32 Discussion

Exammatron of the cathodlc hrmt of the buffered neutral MEIC system wrth

varying levels of HCl treament showed that HCl extends the reductlon hrmt of the -

: :‘ system There was a threshold part1a1 pressure of HCl which must be reached in order for

.’ a facrle sodium couple to appear Riechel s results 1nd1cate the concentration of HCI in '_ |

‘the melt correspondrng to th1s threshold partlai pressure is verymlow (O 02 mole fractlon)
compared to the concentratron of the organrc catron (0 41 mole fraction) Keil showed
~'that HCl combmes vtrith free chioride (Cl') .m melt and that once 'all the.free" chiorlde .is

: consumed there 1s marked change in conduct:vrty and HCI partial pressure

The low concentratlon of protons compared to that of other specres in the

molten salt i is 1ncons1stent wrth the notlon that the HCl was causmg a Nemstran Shlft of

. ,the reductron p0tent1a1 of all MEI* present in th_e melt_. One explanation for the‘observed o

shift in the cathodic limit of the melt is that MEI* was reduced at slightly different

: 'p'otentials depending on its environment. This leads to the follOWing theory: The

reduction of MEI+C1' is slightly posrttve of the reductlon of Nat+ and the reductron of
MEI*AICl," is shghtly negative of the reductlon of Na+ Exammatlon of the equlhbrrum S

data for the MEIC/ ,A1C13 system indicated that in the buffered, neutra‘l state some

MEI*CI- did exist in the melt at a very low concentration. The addition of HCI to the
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meltcould tttrate the MEl+Cl‘ present to form MEI+HC12‘ s If the reductron potentral for i
MEI+HC12" was slightly negative of that for Naf; then ‘(')nce all the _MEI+CI‘ reacted, va‘ |
i d‘r‘amaticshift 1n the cathodic blim‘it of the melt iwou1d belob‘served a_nd a faclle sodium |
o couple c0uld be reali_zed’. Thrstheory 1s consrstent Ewith the r_e"_siu'ltsl shown'hereand’w'ith
| liiechel's observations if the MEIHClzhe added to hlS meltscontamed excessHCl B
o The hterature su.ggeststhat HCl 1s not 1rrevers1blybbo.und to MEIC m—th.e E
‘ MEIHC12 complex Thrs is con31stent w1th the observatron that the effect caused by A o
. HCl addltlon to the MEIC system can‘ be reversed by purgrné w1th Tan lnert gas.. |
Addmonal HCl above that which is needed to complex MEI+C1" may be observed in
portrons of the electrochermcal wmdow far removed from the cathodrc llrmt Th1s work
: showed a reductlon process occurrlng ‘near -0 4 V 1mmed1ate1y followmg HCI treatment
Th1s was cons1stent w1th other researchers ﬁndmgs This worl; also showed that a facrle S
o sodrumv "couple can exlst even when the reductron process ‘near -04 V was not;p‘resent. o
: This obServatio‘n is explalned by the prevrouslystated theory if s"ufﬁc.ien’t HCl was preSent
to complex all MEI*+Cl- avatlable but no excess HCl was present to be reduced at —O 4 V
Havmg estabhshed a reasonable explanatron for the effect of HCl on the melt
V there remains the questlon‘of why the sodlum couple less than 100% efﬁcmnt Three
:: mechanisms for decreased efﬁciency have been observed. The first inVolves reduction'
. processes th.atoccur _at potentials positive o‘f’.the s’odium couple. The'se reac'tlio‘ns.
consumed electrons that rmght otherWise be 'used for sodium 1on reduction.  If the species

~ involved in these reactions diffused to the electrode surface in sufficient amounts, they
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" could consume current even when the electrode was at the potential for sodium reduction

.' ) (~2.1V). If these reactions were reversible; the corresponding oxi_dation's wou,ld have

~ ‘occured positive of the sodium couple and would result in an apparently inefficient |

. sodium couple. One such reduction was the one observed at-0.4 V and associated with i

the addition of HCl to the 'm'el’t.: The low coulombic efﬁciency'at lower current densities

j or long exposure times can easﬂy be seen in Frgure 3. 12

The second mechamsm for decreased efﬁcrency of the sodium couple mvolved k |

- the overpotential at the cathode dunng sodium reduction Overpotentlal due to nucleatlon
o of sodium at tungsten was observed In HCl treated melts the potential for reduction of

| 1ME1+ was shifted shghtly negatrve of the potentral for reductron of sodium Any

' overpotent1a1 for the reduction of sodium could cause the potentlal of the cathode to shift :

into the region where redu_ction of the melt occ'urs. _This additional re'duCtion curre‘nt was 7'
| vdif‘ﬁcult toidistinguish fromthe reductlon eurrvent associated with :sodium reduction and "
resulted in an app’aren’tlyn inefﬁcient ‘sod_ium 'cOuple.‘ This effect hav’slbee‘n observedin -
: chronopotentiometric e)tperiments at higher Currentdens‘itie“s. |

,j. The final rnechanism for decreased e:fﬁciency of the sodium couple was a
- direct chemical reaction of sodiurn wrth the ‘melt cornponents.l In ’this?case,b sodiurn was

succeSSfully reduced, but before it could be electrOChernical oxidized, it reacted

| chemically with the melt. This resulted in an inefﬁcient sodium couple. This mechanism )

was supported by experlments that had an open c1rcu1t delay 1nserted between reductlon '

and ox1dat10n Efﬁcrency decreased as open crrcuit time mcreased The long open c1rcu1t




stability of reduced sodium in contact with the melt suggested that this chemical process |
proceeds at a slow rate or a rate that diminishes with time. This was perhaps duetoa

thin, semi-passive film that forms on contact between the sodium and the melt.
3.3 Conclusions'

 Gaseous HC, added to buffered, neitrl :melt's_:ot” MEIC and Al(ﬁ;,‘ hada :
quantitatit/e effeCt on'the coulornbic efﬁc1encyof the sodium couple This ‘effeet was -
. only observed after the partlal pressure of HCl reaehes a threshold of about 6 torr ThlS .
o | .(phenomena ean be descrlbed by three mechanlsms The results suggest all three are |
| ._occurrmg and subsequently nreventmg the formatron of a completely efﬁcrent sodlum
‘ ;couple These mechamsms are: parasmc reductlon of i 1mpur1t1es below the sodlum . |
reductmn potent1a1 co-reductlon of sodrum and of | the MEI+ catlon at potentrals negatrve o
-of the sodrum couple and d1rect chermcal reactlon of the melt tmth the electrodeposrted | -
sodium. An understandmg of these mechamsrns 1svnecessary m order to successfully _ "

utrhze the MEIC/ AlCl3 room temperature molten salt system as an electrolyte for the -

* sodium / iron(IT) chloride cell.
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 CHAPTER 4
" THEDMPIC/AICI/NaCl SYSTEM

‘41 Results

* Cyclic voltammetry was performed on a basic (N=0.48) DMPIC/AICly meltinthe

absence of Na* to examine the melt window. This unbuffered melt is primarily

| b,com'p‘oSed of ALCI with a sma'n ramcu’m of CI- 'Figure 41 shows the c'urreni'-volt}age (1; 5

R v V) behavxor usmg a tungsten workmg electrode at a scan rate of 100 mV/s The 1n1t1a1

| vnegatlve-gomg scan was started at -0 30 V and scan reversal took place at -2. 3 Vy versus

- the A]/A12C17>'-“(N‘=O\.6‘) }reference. A srnall inerease 1n ’c_urrent wa’s obserVed botn at -1,().'
~ Vand-15V;a large incr'eas.e‘in cutrent wag eb:.sjer"vec"lbat -2‘.3vVL ThlS current ’w’as due .te
o the reductlon of the lnelt components whxchb 1nc1udes the reductlen ef the ]v)MPI+ cation. .

- The deposmon of alurmnum Wthh was thermodynarmcally pos51ble by reducmg A12Cl7 .,

was not observed because of the low equilibrium concentration of A12C17 in basic melts,
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~ Figured.1l. Cycllc :volta‘mmogram (u=100 mV/s) of basxc DMPIC (N =0.45) R

electrolyte at tung‘sten.' B
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andt’he slow equilibrium bet'ween Alile andAlCl4' ’l‘he negative potential limit was ‘
very. surular to the reductron lrmit reported ina prevrous paper However‘ | in:contrast .
'wrth the prevrous report of GlffOl‘d and Palmisano the negatrve potentral hmit of the
trrakyl substltuted DMPIC molten salt was found to‘ be about the same as the dralkyl ‘ T ,
| substituted MEIC system and not O 3 \% to 0. 5 V more negatrve Prev1ous results show |
the reductlon hmrt of the basrc MEIC system is also close to -2. 3 V SO that the mcreased - .
stablhty in the reductlon limrt of the DMPIC melt 1s‘much less dramatic than those values
E prevrously pubhshed The reductlon vw‘aves at ‘approiumatel’yi 1.0 V and 1. 5 V were e

~ similar to those prevrously reported | 'l‘hese were attrrbuted to 1mpur1t1es in the orgamc

ichlonde pos51b1y from' startmg materral or atmosphenc contaminatron which were‘ notr

| removed durmg the purlﬁcation process vThe rnagmtude of the reductron current forvthe |
nnpunties reported by Glfford et al was shghtly d1fferent than those shown 1n Figure .
4.1 because higher scan rates were used in thls work (ﬁve tirnes faster).

- The fo.cus of ;tlliss'tudywasto examine‘ the ‘st'_ability of the neutral buffered

DMPIC melt with respect to the'deposition ‘ovf sodium, and contrast it with the previousl
' ’results for the MEIC melt. The basic DMPIC melt was made acidic (N;6.52) by the | |
addition of AlClé and then made neutral by the additioh of“NaCl, as described previously. i
A CV for this rnelt is shown in 'Figure 42 the working electrode was a tungsten disk and
the scan rate was 100 mV/s The reduction and ox1dat10n limits of the acrdic melt were

o approx1mate1y the same as those reported by Grfford et al 10 The shapes of the curves
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~ were similar; however, the potential limits were not as extreme in this work so that -

smaller currents w.e‘re‘observed Co‘mpared to the MEIC melts of the'analogous ,' ’

lcomp031tlon and acrdxty (neutral melt), the cathodlc hrmt for the DMPIC system was very .

, smnlar at the posmve potentlal hrmt chlorme gas is produced One 1mportant drfference " R

: between the MEIC and DMPIC melts was the observatlon of aksmall anodlc current on - :
e the pos1t1ve gomg scan, followmg the reductron process at the negatlve potentral lmnt
ThlS effect was however very short hved and was only observed on the ﬁrst scan or two

7 after the melt was freshly made or was left exposed to the dry box for extended perrods c

of time. The appearance of thrs effect was comcrdent w1th the absorptlon of i 1mpur1t1es
hke water emphas1z1ng that thrs may be the productlon and reoxrdatlon of hydrogen

- The effect of hydrogen chlorlde gas on n the stabrhty of the buffered neutral

vDMPIC/AlCl3/N aCl melt was exarmned Prev1ously, it has been shown that the platmg
and strrppmg of sodlum ata sohd electrode was not possrble for the MEIC system
| w1thout an add1t1ve such as HCl ° The cntlcal partral pressure of HCl necessary to |
" observe th1s beneﬁc1a1 effect for the MEIC system was about 790 Pa (6 Torr) The )
‘ ,coulomblc efﬁc1ency for the platmg and strrppmg of sod1um was 1nvest1gated as ai 7 ‘. :‘

functxon of the partlal pressure of HCl over the range from O to 50 kPa The 1nvest1gat10n

at very low partial pressures was more comphcated than for MEIC melts because of the

slow equ1hbr1um between the DMPIC melt and the gaseous HCl The DMPIC melt also

had lower conductrvrty and hlgher v1scos1ty than the MEIC melt. The coulomb1c
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| efﬁc1ency (the ratio of the charge passed durmg oxrdatlon of sodrum to the charge passed

| ‘durrng the deposrtron of sodlum) of the MEIC melt was hrghest at room temperature after
| .b-bubblmg the melt wrth a gas whose HCI partral pressure was 1 kPa The coulombrc |
efﬁcrency for the MEIC melt was ]ust over 90% and lasted for several days Flgure 43
. shows the coulombrc efﬁcrencres measured usmg cychc voltammetry, for the buffered

’neutral DMPIC melt versus partlal pressure of HCl T hrs behavror is srmllar to that _

] observed in the MEIC system m that hrgh efﬁcrencres could be obtamed however 100% - , .

efﬁcrency has not been demonstrated Wlthm experlmental error these results were not o
‘ as favorable as those for the MEIC melt, contrary to pervrous reports 2 10 In an effort to
compare quant1tat1ve1y the negatrve potentlal hrmts of the DMPIC and MEIC melts as

functrons of HCl, the reductlon lrmrts arbrtranly deﬁned as the potentlals correspondmg
to a cathodlc current densrty of 1 mA/cm were measured The electrode potentlals at 1

.' mA/cm as a functron of HCI partral pressure are shown in Flgure 4. 4 for MEIC and
DMPIC melts The MEIC melt shows a more d1st1nct transrtron from a reglon of
1nsufﬁ01ent HCI concentration to a regron of adequate HCl than the DMPIC melt

- The hlgher v1scos1ty, and hence slower mass transport propertles of the DMPIC -
| 'melt as compared to the MEIC melt was an undesrrable attrrbute However the more :
sluggish equllrbrrum of the DMPIC melt is advantageous because the posrtlve attributes
of the HCI -addition lasted longer than w1th the MEIC melt, ‘although it made this study
more comphcated For example the coulombrc efﬁcrency, as measured from the CVs

versus time after HCl addltron is plotted in Flgure 45. The beneﬁc1al effect of HCl
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addltron in the DMPIC melt lasted more than 100 days whereas the effect of HCl on the
MEIC melt lasted only a few days even under the best condltrons ie. treated and sealed
in a closed vessel

The slow chermcal equlhbrrum of HCl wrth the melt made the study at low HCl

partral pressures partlcularly dlfﬁcult The coulomblc efﬁ01ency at zero HCl partral

pressure (achleved by extensrve purgrng w1th Ar) was, w1th a few exceptlons zero. - . L
Generally, 1t would requ1re days wrth mterrmttent purgmg, to return the melt to 1ts
orrgmal HCl free state Thus the threshold partlal pressure of HCl requrred to observe a
reversrble sodrum couple in the buffered neutral DMPIC melt was sermquantltatlvely
evaluated The threshold to achleve sod1um platrng/strrpprng is lower for DMPIC than
for the MEIC melt. The lowest HCl partral pressure found to 1nduce the sodrum
platmg/strlpplng couple was 1 O kPa However we have found that sodrum cannot be
plated from an HCl-free melt contrary to prevrous reports Thrs drscrepancy is not as.
controversial as 1t may appear It was found that sodrum could be plated and then
strrpped from freshly prepared DMPIC melts Wthh had never been exposed to HCL.
Sodium could also be plated from rnelts Wthh had been exposed to the dry box
atmosphere for long perrods of trme (e 8. months) In both of the above mentroned cases
impurities (e.g. H,O) were responsible for the momentary ability to plate sodium. The
coulombic efficiency for these melts ranged from 0% to 75%. The ability to plate sodium

without intentional HCI addition faded after a short time. For example, Figure 4.6 shows
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the sodrum platrng/strrpprng couple ina freshly prepared DMPIC melt before drrect HCl
addrtlon The shape of the CV is srmrlar to those in the MEIC melt where there is an
overpotentral for sodrurn platlng onto the tungsten electrode After the deposrtlon of
sodium is mrtrated and the scan drrectron is reversed the current continues to rise
because'the overpotentral on sodium is not‘as great as on tung‘sten The startrng materrals
were prepared ina manner s1mrlar to MEIC melts exammed prevrously, yet the MEIC
melts did not exhrbrt the ab111ty to plate sodrum from an untreated melt The coulombrc
efﬁcrency in Frgure 4 6 was 49% The effect drsappeared after approxrmately two days of
electrochemrcal analysrs

These results suggest that thrs vagarlous behavror was not due to an mcreased
stability of DMPIC as compared to MEIC but rather was due to the 1ntroductron of trace
,arnounts of water from elther the startlng materrals or from the dry box atmosphere
which was 2 to 10 ppm water vapor Contammatron of the melt components can generate
HCl and mimic the effect of HCl addrtron Water present in the sodlum chlorrde the
organic chloride, or 1ntroduced by absorptron from the atmosphere can react w1th the
alumrnum chloride upon rmxmg to form HCl Water can react with alurmnum chlonde in

the molten salt system to form HCI.

3H,O+AICI, »3HCI+AI(OH), - ' 3

Al(OH), +AICI , -»3HCI+Al,0,. - o “4)
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- The amount of Water needed' to generate enough HCI was considered. “The effect -

| 'of water contarmnatlon was ercannned by addmg a controlled amount of water to the
-buffered neutral DlVlPIC melt whrch did not exhibit the sodrurn couple.prror to water '. |
.addltron. -The freshly prepared melt had not been ’treated w1th gaseous HCl but had
: edemonstrated a short-lrved sodrum couple when ﬁrst analyzed The addrtron of 2. 1 mmol :
7" water resulted in the platmg and strrppmg of sodrum wrth a coulomblc efﬁcrency of 76% ’: - B
| A CV (scan rate of 100 mV/s) demonstratmg the sodrum couple at tungsten followmg | -
. water addltlon is sho‘wn in Frgure 47 - | |
o The effeet of temperature.on:the platmg/stnppmg of 's'odi.ur'n'i's ‘ir’n‘portant‘in a
'. understandlng (1) the reactrons and (u) the operatmg parameters of the propose battery
" The electrochermcal behavror of the buffered neutral DMPIC melt was exammed at
- | approrumately 605C Hrgher current densrtres and hrgher coulombrc efﬁcrencres were‘ t‘
| observed A maximum efﬁcrency of 93% on tungsten was obtamed for the DMPIC
) ~system treated wrth HCl (partlal pressure of HCl was 1 kPa 1n Ar) then heated to 60°C as» L
| shown in Frgure 48. A similar effect resulted when the 60°C melt was treated wrth water:' |
rather than HCI. At elevated temperatures the melts lost the effect gamed from HCl or - |
| water ‘addrtron more qurckly than the room temperature kmelts. The current densrtles' ‘
obseryed at 6f)°C we_re 'abOut ten timeshigher than those at room temperature and were | . ;

' adequate for high power density battery applications.
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4.2 Discussion

 The stability, and coulombic r‘eversibility of the anode is a critical issue in the

Jdeyelopment ‘of an ambient tempe'rature battery based on the alummum chloride melt |
| .Pvrev1ous work has 1nd1cated that the DMPIC melt possesses ar wlder electrochemlcal

, w1ndow than the MEIC system Whlle thls work showed ’snml’ar results. for the acrdlc
~and basm melts the reductlon lnmt was not 1mproved to‘the extentthat sodlurn platlng
~and strlpplng could be observed w1thout addmves in the buffered neutral DMPIC melt 3 =

: The equrhbnum W1th HCl was sufﬁcrently slow SO that once HCl was absorbed the

beneﬁcnal effects would per51st for months ThlS slow uptake and d1scharge of HCl

enabled trace amounts of water or other 1mpur1t1es wluch can react w1th the melt to form .

HC], to act as addmves enabhng the depos1t10n and stnppmg of sodlum ThlS may

o account for the prevxous observatlons of sodlum platlng and stnppmg from a fresh melt )

wrthout any 1ntentlonal proton source.’ The effect1veness of water asa proton source o

was ver‘iﬁed by the observation ofa sodiUm couple fOllowin‘g the addition of water to a

recently prepared DMPIC melt. The beneficial effect of trace amounts of water, is

potentially useful in battery appliCations. The ‘formmion of aluminum oXide asaresultof |

- the trace amounts of water, d1d not seem to have any srgmﬁcant negat1ve effects

The reduction of mndazohum most hkely leads to the formatlon of a neutral

radical which could dimerize, particularly. at the 2 pOsition on the imidazolium‘ ring. The




ratlonale for i 1nvest1gat1ng DMPIC was that by substltutmg a methyl for the hydrogen at

A the 2 posmon of the nmdazohum nng (MEIC) the rate of drmerlzatlon would be

.decreased by steric hmdrance However th1s appears not to be the case. Once the radlcal ' o

L _has been formed dlmerlzatlon (or other reactlons such as electroreductton) wrll occur at
‘a fast rate’ 1n ’comparrson to the p‘recedmg r’eactrons‘.‘ Thu‘s Sterlcally hmdermg the '
' v_dnnertzatron was not accornphshed w1th the rnethyl groups or 1s not a prudent path to
mcreasmg the ‘stabrhty of the melt | | | | :
- The observatton of a sodrum couple ina melt that was never mtentlonally exposed
to water or HCl suggests the threshold amount of HCl. needed toenable the sodlum |
’ couple was lower than for the MEIC system The slow dtscharge of HCl made e
quantrﬁcatron of the HCl threshold very drfﬁcult However the slow dlscharge 1s ’
: advantageous for battery operatron The data mdtcates that a partral pressure of 1 kPa
HCl is sufﬁcrent to actlvate the sodlum couple w1th a coulombrc efﬁcrency of 80% to :
| . Purging the HCl wasaccelerated by heatrng the ‘molten salt; supporting the
. concept that the kineﬁcs of HCI dissolution‘in‘ the :DMPIC syste:m were sTow at roorn
temperature. ;’Higher' partlal preSSUres of T—IClvdid not appe.ar{to have an additional beneﬁt;
v'I'he exact role of HCl in stabrhzmg the melt components agamst reductton and the exact
| , quanttty of HCl absorbed have not been estabhshed | |
Heatlng the molten salt appeared to have several beneficial effects Frrst the

conduct1v1ty of the system 1ncreased The result of mcreased conduct1v1ty was hlgher
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e diffusivities an‘d ‘.peak eurrents durmg eyctie vottammetry. ‘Thi's WOuld be ekpeeted to ‘
- d1rectly lead to hlgher power densxtres for battery apphcatrons A seeond effect ot htgher ’
‘.temperature was an 1ncrease in the coulomblc efﬁcrency of the sodlum couple The B
efﬁciency of },the s_odiu_m COup_le appeared to inerease by approximately 10 to 15% (under,_" B
' otherWise sirrdtar i'c»o‘n‘(‘iiti‘o'ns-)‘.‘wh_en' thetemperature vyas 'i‘nereased from22°C to 60°C
B The jnicreasea coﬁduct‘ivrt'y‘arid kinetiéé of the melt were most ﬁ‘keiy‘thé canse of this
o : , 'mcrease in efﬁcrency because the rate of sodlum deposrtron rncreases at the same‘ B
N potentlal | | | | | | |
The absence of any report of 100% coulomblc efﬁcrency is partlcularly.
troublesome\ One explanatron 1s that in addltlon to melt reductlon at the most negatlve ,j .
‘ potentials,’ th'erebare parasitie reactions; sueh as hydrogen ion 'reduction,_at more modest -
potentlals whrch c0nsume‘ SOme ot the eathodie c‘urrent"and/or sodium. If the kmetlcs of
this reactron mcreased more slowly w1th temperature than the kmetlcs of sodlum |
| depos1t10n or the reactlon was mass transport lumted the merease in the. rate of sodlum
consumptlon would be less than the incréase in sodlum productton leadmg toa shghtly
| hrgher efﬁcrency, but stﬂl short of 100% Thus a larger fractlon of the electrodeposxted
 sodium would be available for oxrdatron ‘Such. a parasrtlc reactron (e.g. hydrogen gas
| productlon) would also lead to the result that addmonal HC, beyond that need to shift the

: ‘melt window, would notbe a beneﬁt
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4.3 Conclusion

Srgmﬁcant dlfferences exrsted between room temperature molten salts contarmng
two smular organrc chlorrdes (MEIC and DMPIC) The addrtlon of a methyl group at the
2 posrtron of the mudazolrum rrng and the substrtutron of a propyl group for the ethyl
group clearly altered the transport propertres of the DMPIC melts These changes are
'mcreased vrscosrty, decreased conductrvrty, and slower equrhbrrum wrth gaseous HCl
Whrle these changes in transport propemes 1rnpact the electrochenucal behavror of the
DMPIC system evrdence does not support the conclus1on that the changes in the’
substrtuents srgmﬁcant alter the thermodynarmcs of the system. Change in the rate of
HCl (arrsrng from melt 1mpur1t1es) off—gassrng due to a dlfference in the transport
propertres could account for other researchers observatlons that sodrum platrng and
stnppmg is possrble wrthout melt addrtrves Although a very strong posrtrve effect of
-temperature was found the DMPIC system does not appear capable of sustatmng a more
efficient sodium couple than the MEIC system and its decreased conduct1v1ty makes it

less attractive for use as a battery electrolyte.
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 CHAPTERS
'THE MPIC/AICI;/NaCl SYSTEM
<1f.5-i"Resultsv o

~ Basic (N=0.45) and acidic (N=0.55) melts of MPIC and aluminum -

chloride were prepared in order to examine the oxidation and reduction limits of the room

© temperature molten salt 'syStém. The 4_n'101Ae fractlon ‘bof’- al‘umjnufn Cﬁlo;ide’is de‘si»gnétéd ‘by
" N. Melts with N ‘grea'te>r than 05arc ”rsferrgd to -és ac‘idi:clrdlyl‘e to ths preséncs of the Lcwls -
B a_cid‘i:c‘speciévs;’ A12C17'_ »Melts w1thN lessthan 05 are jrefes:fe.(.ll .t;); ss vbasic’.'d'ue"t(") the |
preséncé of the Lc‘v\‘/is bas_ic'.sp.ec'ie»s,”Cl'». ,Twc; cychc vbitamrhograﬁls On tﬁﬁgsten (scan - "
 rate = 100 mV/s) are shown in Figure 5.1. ;11ustr5tiﬁg the rédug@;i and oxidation limits
: of ths MPIC system. As .\iy‘ithv smular alkyhmldazohum éhléridé molten isalt'systems,‘ ‘the: |
negative potential lirﬁit of the basic me_ilt was deterqﬁned bythe reduc'ti‘on:of the. |
iniida;oliunl ‘cation. .The éathddic lmut for fhe MPIC S)Afstem‘ Qas :zlpprsximat‘clyv’-Z.Z#V
Qérsus .the’ alumiriUm réféfsnce. Wiihin‘é“:cpefimental efror, thls was neafl_y thesame as

. the MEIC sYstem and slightly (50-100 mV) narfbwer than the DMPIC system. The
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positivepotential livmit in the acidic melt is deterrrrined l)y the o)tidation of the 'Lewis ‘»
’ ac1d1c A12Cl7 spec1es The oxrdatron hrmt for the ac1drc MPIC system was .-
) approx1mately 2.7 V ThlS is shghtly more pos1t1ve than the hrmts reported for the MEIC “ , o
) and DMPIC melts undsr strmlar condl_trons._ | s S |
The range of 'potenti‘als' Afor whit:h SOdium can be plated and the 'coulo'mhic ‘
_efﬂcrency of the sodrum‘couple 1s of paramount 1mportance Three mechanrsmshave :
L' .been proposed for decreased coulomblc efﬁcrenc y.2 These mclude a predepos1t1on
’parasmc reactron reductlon of the orgamc catron and chermcal reactron between the
: deposrted sodrum .and the melt At.the most negatrve potentlals the reductlon of the :
1 " 1rrudazollum ca_tron’can occ‘u_r. At potentlals po'smye of the sodru'rn couple,} solvated
| 7 spec'ies can be’re'duced‘. T hus the cou’lo’mvbic ‘efﬁciency of SOdlle 1s lessthan 100% at -
o low currents (more posmve potenuals) and hrgh currents (more negatlve potentrals) Of
" the three electrolytes studled the MPIC system appears to exhlblt the largest potentral
| range over whlch sodrum can be reduced thure 52 1llustrates thrs phenomena In
Frgure 5 2 COUlOl’IlblC efﬁcrency is plotted versus swrtchmg potentlal for the MEIC
- DMPIC, and MPIC. The ooulombrc efﬁc1ency 1s deﬁned as the ratio of ox1datlon current B
to reduction current and was measured by mtegratmg cycllc voltammograms In order to
separate the three effects the potentlal of the electrode was swept negatlyely and .reversed
(sWrtched) and several different potentrals. As the switching potentials gr'ew increasingly s
negative, the coulomblc efﬁcrency of the couple passed through a maximum. Th1s |

magmtude of max1mum coulomblc efﬁcrency was limited by the most 1ns1d10us of the




: i 5 three effects the drrect reaction of the melt wrth the metalllc sodlum The MPIC system -
' :appeared to have a w1de reglon where the dommant mechamsm for decreased coulombrc
) efﬁcrency was the reactron of the electrolyte w1th the freshly plated sodrum The |
o ,experlments shown in thure 5 2 were not the “record best” efﬁmencres but rather a self- "
‘consrstent set of data for quantltatlve comparrson. : | : |
In order to approxrmatethe rate of the reactron between the moltensalt electrolyte | L
o and the plated sodtum a series of expenments were devrsed to measure the self drscharge |
rate of a sodrum anode A ﬁxed amount of sodtum was plated w1th constant current and :
- left in contact with electrolyte for tlmes rangmg from Oto 3 hours The electrolyte was‘a o |
| .V : buffered neutral MPIC melt treated w1th an HCl / Ar gas rmxture where the partral
. | pressure of HCl wasi 1 kPa HCl Followmg the open c1rcu1t pertod the sodlurn was -
- strrpped from the substrate usmg constant current e | | | |
oxrdatlon The amount of charge lost due‘ tov chermcal reactron was calculated by |
subtractmg the zero delay charge loss from the charge lost dunng the each open crrcult
‘penod The amount of charge lost due to self d1scharge was plotted versus the length of
ithe open circuit perlod The amount of charge lost due to this ¢ self drscharge was plotted
- versus the length of the open c1rcu1t per1od in Figure 5 3 The slope of the hne passmg -
through the pomts gives a rate of self drscharge of 22 uA/cm ‘
The surface of a tungsten electrode was exammed usrng optrcal mrcroscopy to
. help rdentrfy the nature of the parasrtrc reactlons Followmg treatment of the molten salt

with 1 kPa HC], the cell was posrtloned so that the electrode surface could be v1ewed
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*lEstim"a'_ted from the data of Rie‘éhel and Wilkes.




; through the side of the electrochemical cell and through the dry box wrndow

' Magmﬁcations ranglng from IOX to 3OX were used to observe the electrode during the
- reduction and erdation cycles. Gas evolution was observed durrng the cathodlcsweep v | o |
- begmning at approxrmately 0.2 V wrth respect to the alummum reference The

production of gas contmued dunng the platlng of sodlurn and its subsequent o)udatron

' The gaseous product was apparently the result of the HCl treatment Melts extensrvely

_; “ ,purged w1th argon d1d not exhlbit gas evolutron The gas evolved was probably hydrogen L

. | 'and was observed w1th and w1thout sod1um deposrtion Gas evolutlon occurred
v predommantly at the edges of the electrode and a few specrﬁc pomts on the electrode
: »surface In an effort to ehmmate surface defects on the electrode it was heat treated at
1000°C for 2 hours The heat treated electrode dld not exhrbrt markedly different gas " ”
'-production than untreated electrodes however the heat treatment dld darken the o
electrode and made the bubbles much easrer to observe The electrode was further =
» modiﬁed by coating the back and edges w1th epoxy The coated electrode exhrbited gas '» E
evolution from regrons Where sodium preferentially plated o
. Optical mrcr‘oscopy also prov1ded some 1n81ght into the nature of sodium'. :
g depositionon tungsten.' Sodlum had a tendency to plate in a very ‘nonéunifomi rnanner‘7
During repeated plating and stripping'; s0dium was deposited on the same regions ofthe
 electrode. Dunng the plating process 'sodium grew outward from the |
regions of preferential deposrtlon Thrs observation ﬁts well w1th the prevrously observed

nucleation overpotential for s»odium deposition on tungsten; The regions of preferential
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Figure 5.3. Self discharge of a $odilirh pléted_ tungsten ¢le¢tr0dé in the buffered,

neutral MPIC s'jsfem.
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| deposition are regions of lower oyerpotentlal. Once sod_iurn has been deposited,

additional sodium easily plates on the fresh sodium' sur’face.f A‘cyclic 'voltarrrrnogram R "
' -illustrating this phenornena is show in Figure 54 As the electrOde :appro‘aches jthe .
4"p"otential required _for' s0dibum"depo'sitlon, 'the‘current in‘crea’ses.»‘ The reduction current

o eontinues to "increasefollowing sweep reVersal because"'the' reduction' potentral on

o tungsten has been overcome by coatmg w1th sodlum Current densmes reported here

Co ‘were based on the entlre tungsten surface area whrch clearly underestlmates the actual

- _current densrty. o Lo
o ; Addltlonal obseryatlon of th'eelectrode surface durmgplatmgand open }c‘ircuit
periods reyealed the formatron of a dark film in the regio‘ns :of sodium depositlon Th1s 2 .
} film appeared to be the product of areactron between the sod1um and the MPIC o

o electrolyte Durtng 0x1dat1on sodtum not coated with this ﬁlm drsappeared from the 7
»electrode (was ox1d1zed) whlle the darkened reglons remamed mtact throughout the
'ox1dat10n A s1mllar ﬁlm format1on wasbobserved on the surface of sohd sodlum exposed
to the MPIC electrolyte | o |

‘To examme the effect of HCl addltlon on the reactton between the sohd sodlurn
and the MPIC electrolyte a study of sod1um open circuit potent1a1 versus HC] partral
~ pressure was 1n1tlated A sohd sodrum electrode was introduced into a buffered neutral '
MPIC melt previously treated w1th 1 kPa HCl Over the course of approx1mately 4 hours ,v |
the HCI partial pressure of the flowmg gas was modulated whlle the potentral of the |

sodium electrode versus an aluminum reference was recorded. It was of interest to see if
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. hydrogen chloride has a Nerstian’effet:t' on the 'oXidation potentia'l of the Sodium orthe
" B reductlon potentlal of the orgamc catlon If the open crrcu1t potentlal of sodlum is
affected in a Nerstxan manner the potentral of the sohd sodlum electrode should shrft

' ‘logarithmically with an'rncreaseor decreaSe in HCl partral pressure. : ‘The results are , ', o

o ‘ shown.in‘ Figure 5.5. The riotential Of the sodi'urnele'ctrode became le‘ss‘ negatiVe for:the SR

entlre experlment regardless of HCl partlal pressure ThlS result suggested that the

E _beneﬁcral effect of HCl is not a srmple Nerstlan one and that the effect of HCl on the 2

»reductron potentlal of sodlum was _mmor compared to 1ts effect on the reductlonpotentral

of the organic .cation. > B i o PR |
vRecent repo'rts‘h‘a'\:/e 1nd1cated that thlonylv'chloride (SOClz) has a‘beneﬁci.al effect

~ onthe 'plating and-s'trippin'g of Vsod‘ium in the MEIC systeiﬁ.' | A melt that 'was prevxously |

~‘treated w1th HCl but farled to exhrblt a reversrble sodlum couple was treated with SOClz.f

Pnor to SOC12 addltron v1sual observatlon revealed gas evolut1on assocrated wrth 7;

: cathodlc current Followmg the addrtlon of SOC12 (~0 5 wt%) a rever51b1e sodrum

couple was observed without gas evolutlon Add1t1onally, SOClz fac111tated a sodlum 5

couple which had a hlgher coulombrc efﬁcrency than HCl treated melts 'Frgure S. 6 -

| . shows a cychc voltammogram on tungsten at ascan rate of 100 mV/s for the SOClz

treated system. Th1s CV mcludes a30s potentmstatlc delay at -2. 5 V. The cathodlc

| chargc was estlmated to be 170 mC/cm and the anodic charge was estlmated to be

154 mC/cm®. The resulting coulombic efﬁCiency’ was 91 %. A chronopOtentiogram‘ is

~shown in Figure 5.7. The tungsten"substrate Washe_ld at-2.6 for one second to elinlinate
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the sodium n'ucleation 'overpotential. This treatment was followed by the constant
| - potential plating of sodium at -‘2.4> \ for 300s. ‘Sod‘ium oxidation i_mmediately ,followed

.at'a'p’»otential of -1 0 V The coulombic efﬁciency of th1s experiment.was 15%.

5.2 Discussion

The electrochemrcal wmdows of the basrc (N—O 45) and the acrdrc (N—O 55)
MPIC melts d1d not dlffer greatly from prevrously studled room temperature molten salts- o
x The behav1or of the buffered neutral system d1d exh1b1t a subtle drfference in the form of
a sllghtly w1der plateau of mcreased coulombtc efﬁcrency. We suggest thrs drfference is |
‘ due to the more negatrve recluctron potentral of the MPIC catron The sl1ght change 1n |
| L reductlon potentral occurs w1th MPIC as compared to MEIC because the propyl group lS’ v
less electron—wrthdrawmg than the ethyl group The methyl group at the #2 posmon of |
DMPIC whrch is the srte where drmerrzatron probably occurs, provrdes less sterrc B
hmdrance than antrcrpated Thls allows a more drstmct separatlon of the three
mechanisms for decrease_d coulombxc efﬂcrency‘ for MPIC and tsolates the‘ .drrec't reactiOn
of sodium withthe molten: salt electrolyte.' * ' o
| ‘ Careful eXamination of this process allowed an estimation of the rate of ‘se:lf ' ,_' ’
discharge reaction with the rnelt‘. ‘The dlrect reaction of the sodi'um‘with the buffered, |
v neutral MPIC melt appears to proceed at a"rate. of approximately 2 p,A/cmz, an B |

| acceptably low level.




105

Optical microscopy "also:'provided insight "into the decrea‘sedv efficiency of the.
sodium anode. The evolution of gas was clearly assocmted w1th the treatment of the
molten salt system w1th HCl gas The observation of a facrle sodium couple w1thout gas
o eyolution along wrth the observation of gas eyolution without a sodium couple suggests i

‘ that protons are available for reduction which bmay be mdependent of the beneﬁcral
| actlon of the HCl The HCl appeared to assoc1ate Vyith the nmdazollum cation' thus B
changrng its reductron potential to more negativc values this resulted in the observation
bof a facile sodium couple Hydrogen may also bea product of the reduction of the
| orgamc cation this would account for the observation of gas eyolution when the leyel of l,
. , .HCI in the melt is insufﬁcient to allow reyersible plating and'stripping of SOdiurn.

Study of the open crrcuit potentlal of sodium versus  HCI partial pressure
rernforced the hypothes1s that HCl acts on the orgamc cation and dld not directly affect .
-‘the sodium deposmon potential Optical microscopy also venﬁed the prev1ous
electrochenucalobservation of a nucleationoverpotential associated‘with the deposition '
 of sodium on a tungst_en sub_strate. The tendency of sodium to plate ‘_repeatedly on speciﬁc |
regions of the tungsten suhstrate indicated'that'these regions haye‘a ksurface’ Structure
which creates abislight‘ly lower overpotential for dep08ition than the sm'roundingarea. The
.growth of metallic sodium outWard from ‘these regions during extended depoSition
indicates that additional sodiurn is mo‘reeasily plated on -sodi‘urn than the ktungsten .

substrate.
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Thionyl chloride appears' to have an effect on the room temperature molten system o

o srmrlar to that of assocrated HCl Treatment of the MPIC system w1th SOClz resulted in a

' -shghtly more efﬁcrent sodtum couple Wlth no gas evolutlon HCl and SOC12 are both

' Lewrs acids and may alter the reductlon potentlal of MPIC not completely complexed by o

o AlCl3

5.3 Conclusions

Molten salt electrolytes comprised of rrlixtures ot MPIC and alurrlinum chloride =

; : appeared to be shghtly more stable than srrmlar rmxtures of MEIC or DMPIC and

B Ialummum chlorrde Th1s addrtronal stablhty was the result of the electron- donatmg

.'nature of the larger propyl group, on the MPIC structure as compared to the ethyl group, " :

in MEIC MPIC appears more stable than the srrmlar DMPIC possrbly due to addrtronal - S

: stram on the 1rmdazohum rrng structure resultlng from the thrrd substrtuent group in the o

DMPIC structure. Gas evolutlon 1s the_ prod‘uct of parasrtrc reactions at potentrals posmve o |

of the sodium couple resulting in a lovyer coulombic efficiency for sodium. The largest -
coulombic efﬁciency was observed when no gas evolution'took place. Thionyl chloride
prov1des the same beneﬁc1a1 effect of HCl w1thout creatmg the parasrtrc current resultmg

in hlgher coulomblc efﬁcrency for the SOC12 treated system
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| C,h’aptver6r el
© COMPARISON OF ELECTROLYTES

' Exarr‘lination of the series of roorn temperature molten salts pr‘epared from e

alummum chlorlde and three dlfferent orgamc chlondes led to an understandmg of the o o |

' 'physrcal and electrochermcal properttes of these rmxtures Studymg three drstmct orgamc e

catrons facﬂltated a better understandtng of the general propertres of thls class of room :
temperature rnolten salts and hlghllghted the drfferences in electrolytes formed from each o
orgamc chlonde‘.ﬁThese results 1ncluded the exarnrnatton of the transport and : e
: »ther'modynarnic prOperties of e_'ach'candidate electrolyt"es; of specrﬁc 1nterest was the : ‘
‘:‘ | irnnact t'hes‘e‘propertlesé had on the'eleCtrochentical: wmdow ‘of Teach. sj'stem. .Additionally, : N
L the effect of several melt addrtrves whrch permrt sodrum platmg and stnt)pmg was |
' | examined to determme which cornbmatlon yleld the best electrolyte / anode combmatlon B
The stu_dy of these rnelt addltlves focused on the mechanlsms for reduced coulombtc’ ',

efficiency and the impact melt additives have on these undesirable reactions. = -
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6.1 Transport Prop erties

"The room ternperature molten shlts ekhibtted signiﬁeant differences in 'transpor't; _

: -':propertles such as v1scos‘1tyv and conduct1v1ty The greatest drfference tNas for the = |

1 2-dlmethyl-3—propyhrmdazollum chlorlde system ThlS systern had zt notlceably hlgher

. v1scos1ty than elther of the dlaklyxmldazohum chlorlde systems Assocnated w1th this }’
hrgher v1scosny was e lower conduct1v1ty and slower equlhhrtum wtth hydrogen chlorlde .

L and other melt add1t1ves used to fac:htate alkah metal platmg

62 Eleetrochelrlieel “Windéiv‘.' "

All three room ternperatnre ’molten‘ salt systemsexammed had a targ’e range of

| . electroehentical inactiﬁ/ity.' ThlS eleetrocherrtieal ’\‘vindow was li‘rn‘i'itedon 'the oositi\re side

ﬁ' by oxidation of .AICL{ for 511 three' s‘yStéins and o‘cenred‘a't ~26 Vversus an_a'ium.innmr
reference. More signiﬁeant differences, Were expeeted for ‘t:hevne,‘getij\ie limit whieh trvas
controlled by'-the redttotion of the organic eation; 'HoweVerk,b results kfrorn thls wort; failed ”
' toreveal meaningfnl differe‘nees in the.red‘u‘c_tion potentials“ o.f the organic cations m basic
or buffered neutral melts. The systems did exhibit different responses to setrerel melt

additives.
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6.3 Melt Additives

The obserVations regar‘ding HCI addition"and so‘ci2 addltion can be uséd o draw |
o ',some conclusrons about thlS beneﬁcral effect In1t1a1 reports in the hterature descrlbrng
- the beneﬁcral effect of HCl attributed the change in orgamc catlon reductlon potentral to '
: the presence of protons in the form of HCl The d1scovery that SOC12 can function |
smular to HCl suggested the effect was not due to the presence of protons Both HCl and |
| SOClz have a s1rmlar effect suggestmg the cause of th1s change in electrolyte behavror is R
a result of the Lewis ac1d nature of the add1t1ve.v The low concentrations_ of the additlves
suggest the additives’ are acting o'n aspecies in 'the rnelt which 15'51s'o present; in loW' |
concentrations lEvrdence mdrcates the specxes in the electrolyte that 1nterferes with the o
alkalr metal couple 1n the case of the MEIC system 1s unassocrated MEI"CI In a
1 buffered neutral melt, most MEIC is assocrated W1th A1C13 to form MEI"AICL; The L B
: equ111br1um of this reaction can leave a low concentration of the orgamc chlonde |
unassociated. This}u‘nassociated orgamc"chlo'ride isa Lewts basevand apparently' o
interferes wiithallcali metal deposition and o:_ridation. The Lew1s acid'additives aSSociate )v
withthy'e free organic chloride and‘push its reduction_ potentlal vsufﬁciently negative so that_
it does not interfere»‘vvvith t_he alkali m’etal couples. bne disadvantage of these melt; '
additives is that when: unassociated additive is present, a result of slovv_er reaction kinetics
or excess additive addition, they can be reduced contributing to low coulombic

efficiencies. A good example if this was seen when melts a treated with high (>50 torr)
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levels of HCl Imtrally,' HCl combmes with free orgamc chlorltle but at hxgh partlal
pressures some addltronal HCl is dlSSOlVCd in the melt This excess HCl is subsequently
' -reduced at potetmals posmve of the alkah metal couple reehltlng in reduction current that .
: Ca‘nn_Ot be 'easﬂy ghstmgurshed from :iilkah”me:tatl ‘.rec‘t_ucthnk gnd resultS‘ in 'lewer ‘C‘Ol;llO_rhbllc '
, 4‘ eft‘reienc‘ie“s.' | | | |
: Whrle thev méit ‘advd‘itives} stlidied hv‘lh‘)b.v{ec\l:the observatron ef the al‘kﬁa‘l.i m‘etéi B
, :couple the coulhmhtc efﬁc1ency of the ceuplew drd not exceed 90% routtnely The
g ” maxrmum cohlomble efﬁcrency obsert'ed for the molten salt electrelytes was 94% ThlAS. S
_ apparent hrrht on the attamable current efﬁcreneree led to an e)tanunatloh of the o
‘ 'mechanleme for redueed efﬁcrehcy nt hopes of desrgnlng \a system that ean routmely'
’ ehtaih ehrrent efﬁcrene'iee vt)‘f‘ 100% Three mechamsms Were_' 1dent1ﬁedwhrch iappehr:to "

the linritthe;cjurrent efficiency of the alkali metal Ac’ouiplé_' ~

" 6.4 Mechanisms for Reduced Coulombic Efficiency

! | ‘"The ﬁrst mechamsm involves“’the redhetien of slrecies dissqlveti i:nvelectrolyte Aat:

, bpotentials' Rpo'sitive of the alkaii metal reriuctien potentiai. ‘Iméhrities or conta_rhinatien in
~ the melt are sources of such speeies. Melt édtiitives have also‘ beeh observed te predh‘ce |

such _parasitie rerluctioh‘chrrenstst. These ‘reactions lower coulomhie efﬁcietrcy by o

generating reduction current that cannot be recovered during the 6xi_datibn of the freshly
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plated alkali metal. This effect can be minimized by reducing melt impurities and using
the precise amount of melt additive needed to react with unassociated organic chloride.
The second mechanism is the co-reduction of alkali metal cations and organic
cations. This phenomena is observed when the electrolyte has insufficient HCl or SOCl,
and the unassocmted orgamc chloride is avallable The free orgamc chlorlde was
1rreversrbly reduced at potentrals very near the alka11 metal platmg potennal The
reducnon of the orgamc chlonde resulted m reductron current wluch cannot be recovered
durlng alkalr metal ox1dat10n. If the reductron potentlal is allowed to stray several
hundred millivolts negative of the alkali metal plating potential, reduction of other
orgamc spec1es can take place also creatmg irreversible reductlon current. Reduction of
the orgamc chloride specres can be rmmrmzed by removmg any avallable unassocrated
_orgamc chlonde and carefully controllmg the alkali metal reductlon potentral Treatment
of the melt with HCl or SOC12 was one method to effectrvely remove tlus undesrrable
form of organic chlorlde
The third mechanism for reduced coulombic efficiency was the direct reaction of

sodium with the electrolyte 'This reaction was observed with optical rrucroscopy in the
MPIC system Freshly deposned sodlum was observed to darken shghtly as the metal

- was exposed to the electrolyte durmg open circuit. Thrs darkemng was non- umform and
the product appeared to interfere w1th the controlled ox1dat10n of the sodium durmg the
application of anodic current. The product of the reaction was not readily apparent but

the brownish film is consistent with a product other researchers have ascribed to
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' polymerlzatlon of the orgamc specres A clearer understandmg of thls undesrrable

' pathway for reduce coulombrc efﬁcrency Changes in melt chemrstry mclude the

e exploratlon of shghtly drfferent 1m1dazohum salts or the use of more effectrve melt |
o »;addltrves :

Thrs work has led to a greater understandlng of the thermodynarmc and transport

propert1es of room temperature molten salts produced from combmatlon of 1mrdazohum '
R chlorrdes and alummum chlorrde These propert1es are crrtlcal to the evaluatron of th1s

class of rmxtures as electrolytes for a h1gh energy den51ty battery utrlrzmg an alkah metal ‘

' anode and a metal chlorrde cathode Of the 1rmdazohum chlondes studred 1- methyl 3-

’ propyhmrdazohum chlor1de demonstrates the most prormsmg combmatlon of desrrable U ,.

" thermodynarmc propertres and fast transport propertres Further 1nvest1gat10n of melt

| addltrves is necessary to des1gn a system that is lOO% coulomblc efﬁcrent

react10n is necessary in order to make changes m the melt chermstry and elrrnmate tlus o
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~ CHAPTER7
~ IMPLICATIONS FOR FUTURE WORK

‘W'ith"the prec:'eding results and conclusmns 1n hand,‘;thestate' of this teChnology

~ can 'bé evaluated. Of ’speciﬁc;.interest a“r‘e the:" addltional hurdles that must be oy'e'rcorne in | ‘
order to construct a vrable commerc1al battery Each ma_]or component of the battery

| 'electrolyte | anode and cathode is evaluated separately Based on these ﬁndrngs a rnore

: ngorous analy31s ofa hypothencal cell is possrble Table 7 1 shows the parameters of

such a cell. The results fall short of the long term USABC targets descnbed prev1ously, |
amly due to the low solubrhty of sodlum chlorlde in the electrolyte Thrs results in a

: cell w1th a very large ratlo_'of elect_rolyte to active matenal. o ‘

71 Electrolyte

" Roorn ternperature rn'olten salts specrﬁcally those prepared -frorn
alkylirn'idazolium Chlorides alu‘mlnurri ’chloride and sodiurn chIOrides haye l)een 'studied'
. bbecause they possess a set of thermodynamlc- and transport propertles wh1ch are necessary “
| _ ’for a room temperature sodium / metal chloride battery These propertles mclude a wide
| electrochermcal wmdow a reasonable conduct1v1ty, and the ablhty to dlssolve sodrum '

chloride. Addrtronally, the electrolyte responds favorably to mcreases in temperature
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7.1.1 Electrochermcal Window

All three electrolyte systems studled possess an extraordmarlly wrde
electrochemlcal wmdow exceedmg 4 V Th1s is one of the most appeahng propertles of
this class of room temperature molten salts; Further study of the electrochemlcal wmdow
of these or 51mtlar melts is only necessary as 1t pertams to the reductron l1rmt of the
electrolyte Thrs reglon is of mterest because the potentlal of the sodtum couple 1s near

the reductton potent1a1 of the electrolyte

7.1.2 Conductlvitv

The conductmty of the electrolyte is 1mportant because it d1rectly 1mpacts the
voltage drop in the cell durmg dlscharge ThlS voltage drop is proportronal to the current
passed through the cell and results in energy lost in the form of heat Conductlvmes
observed durmg this work for both the MEIC and MPIC systems agree w1th the value
reported in the lrterature of 3 25x10 S/cm Based ona hypothetlcal cell wrth operatmg
parameters as shown in Table 7 1, the voltage drop would be 100 mV Th1s isa very

tolerable ﬁgure but clearly any increase in electrolyte conduct1v1ty would be beneﬁcml




Table 7.1. - Specifications of a theoretical Na / MeCl; cell
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Theoretical Na/MeCl, Cell

Spec1ﬁc Energy (Wh/kg)*

71

Energy Densrty (W h/L)*

104

Spec1ﬁc Power (W/kg)*

17

Power Densrty (W/L)*

104

Llfe Cycles

<40

Max1mum Current Dens1ty (rnA/cm )

15

Charge Densrty (mAh/cm )

15

Electrode Spacmg (mm)

Electrolyte Volume (cm / cm®)

0.2

Terminal Voltage (V)

23

* Based on electrolyte and active material
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" Future work to increase the conductlvny of the molten salt systems should focus on

' altematrve organlc chlorldes

113 Dissolved Sodium Chloride e

Sodrum chlorlde is dlssolved in the electrolyte v1a the buffermg of a Lew1s acrdlc i :

. v melt Results from thls Work suggest that the maxrmum solublhty of sodrum CthI‘ldC 1s ’

: ~10 mole% ‘This results m a maxrmum concentratlon of sodlum cattons of 6 6x104 RS

moles/g of electrolyte ina buffered neutral melt For the cell descrrbed m Table 7.1,
complete ut111zat1on of the drssolved sodrum a.nd results ina charge dens1ty of 7 ,' |
mAh/cm Wlth the buffermg reactlon some 1n1t1ally undlssolved sodlum can be

drssolved durmg the reductlon of the sodlum canons A reasonable assumptlon would be

that equlvalent amounts of dlssolved and undlssolved sodlum chlonde could be utlhzed o

' Thrs would result ina charge densrty of 15 mAh/cm Thrs work d1d not extenswely

: study the thermodynarmcs and klnetlcs of melt buffenng and several questlons remain .

‘regardmg thls process

~7.1.4 Temperature
~ Increased temperature has a fa’VOrable effect on the prOperties of these room
temperature molten salt electrolytes The most s1gmﬁcant 1mprovement was seen for the

conduct1v1ty of the DMPIC system Currents dunng cychc voltammetry expenments

1ncreased two- fold for a 40°C increase 1n temperature More modest increases in
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conductivity for the other two systems wefe'Observed.' Slight increases in current

efficiency were also obsvervéd, prdbably clbscly related to ihé incre‘asé‘s‘ in cdﬁductivity.

 The effects of temperature ém’ still largely uﬁé'xp.lcv)rved and could be the subj ¢§t of future

" investigation.

72Anode S

o  This work yielded many m81ghts intq_thel ﬁvdt'uiré of the sbdiilfn anode and the -

effects of several melt additives. Maximum practical current density, self discharge rate,

» émd coulombic efficiency of the sodium eléct‘rode wére carefully eXamiried

721 Current density

Results of this Wo_rk indicate a superficial current &cnsity'of 15 mA/cm? can be

achieved with a sodium electrode using the studied room tcmpéfature, molten salt

: electrolytes. FOptical micro'scopykre\}ealed that sodium deposition (iccurs on less that 50%

of a tungsten substrate. Even higher_ éutrént densities may be achieved with a properly
treated SubStrate by increasing the utilized eléctrode area. Investigation of the
overpotential for sodium deposition and methods to achieve a more uniform coating - ’

could be the subjects of "future work.




722 Self drscharge |

The rate of self dlscharge was calculated to be 22 uA/cm for the MPIC system
| ‘This parameter rmpacts the decrease in cell capacrty for a charged cell For the cell -

- descrrbed in Table 7 l the translates 1nto an 1n1t1a1 loss of capacrty of 4% per day

L Further 1nvest1gatron of this phenomena 1s warranted The rate of self dlscharge was

o determrned for relatrvely short trmes (hours) Thrs rate may decrease as the reactron ST

| proceeds No loss of electroactrve matenal was observed for the cell in the drscharged :

| ~state.r |

7-2-3 Coulombic efﬁciencv'

The maximum observed coulombrc el’ﬁcrency observed for both the MEIC and
: MPIC systems was 94% Thrs drrectly affects the cycle life of a full cell For the cell , |
"descnbed in Table 7. 1 thrs coulombrc efﬁc1ency results ina cycle hfe of less than 40
cycles at whrch pomt the cell has lost 90% of its ongmal capacrty Thrs remams one of " .
- the key weaknesses of the sodrum anode Although thrs work has provrded many new ,‘
insights into the mechanrsms for reduced coulomblc efficrency, future work could burld

“on these results in hopes of producing" a more viable sodiur‘n‘electro‘de.’




7.3 Cathode

. This 'Wdrk does nOi:'addréﬁg ;hé pfbpériies‘ of the metal Chiofidc cathode Futuré.
Wo‘rk féou'lc»l e;ién;lirié thé fea81b111tyof anlron(H) chlonde or n.icil{;a_'l‘(II)’ cﬁic;ride ‘cafhodg. R
 Additionally, other metal lci'vhlyor.idés could ..b'e iﬁyéSﬁigatéélv in an effort o ﬁnd acaode
’whvic':h ui}lizes mbre of fhé avallable electrochemlcal Wiﬁdqw. '1’ss‘u¢s: to be fgsdiVéd "

include stability of the metal chloride cathode, coulombic efficiency, and cycle life.
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‘Appendi‘x_ A

_ THE MEIC/AICI/LiCI SYSTEM

‘I_nit‘iél attempts to plat'e’and strip an alkali metal from ,r'o‘(v)m ienipéréture melts

~ were made Uéihg lithium chloride. L1th1um has the advantage over s'odiu'mt of light
- wci_ght and bslightl'y higher voltage. ’HbWever_‘,‘ it_ stabﬂlty 1s more ’qilestidhable andits .
: supply uncertain.
"A.1 The .Btviffen_'ing' Cap'ac_ity' (‘(‘)’f'L'ichiuni Chloride Lo
- ~ Room temperature chloroaluminate mielts may be buffered With alkali ﬁietal o

chlorides. The fbllowing'fcaétioris are shof‘vl’/vn‘ for llthlum chloride..

 LiCl+ AlCly & Lit+2AICl, (D)

 Lit+CroLa @




BETIRN

The equrhbnum for (2) lies far to the rrght In contrast reaction (1) does not always go to -

completron Melts exhrbrt a maxrmum buffermg capacrty There ex1sts some maxrmum |

R concentratron of Lit whrch a melt can attaln Cnce thrs concentratlon is reached reactlon"»‘ »‘
1 ceases and A12Cl7' is left unreac’te’d. Th_is _limits the amouht of LlCl whichmay be |
dissolved in a melt. o | - . ;

B Trrﬂuoroacetlc ac1d was used a melt addrtlve to promote hthlum reductron and |

- _ oxrdatlon Trrﬂuoroacetrc acrd (99% Aldrrch) was punﬁed by reﬂuxrng over P205 for P

' approxrmately three hours under a mtrogen atmosphere The drstlllate was collected "

» slowly wrth constant reﬂux Approxrmately half the bottoms was drstrlled to the recervmg L

ﬂask The ﬂask was removed under a n1trogen purge and capped w1th a ground glass o
, stopper The product was frozen wrth a dry ice acetone mrxture and transferred to the dry
= box A MEIC / trrﬂuoroacetlc ac1d rmxture was prepared by addmg 14.0 g MEIC to 10 8 |

g F3CCOOH The MEIC dlssolved slowly into the F3CCOOH wrth constant strrrmg The B

resultmg hqurd Was clear and colorless The storchrometry of the resultrng solutron was

0.9959 moles of F3CCOOH per mole of MEIC

Th1s hrmted bufferrng capacrty was studred in two melts Each melt was prepared B

in the same manner. An acidic (N =0.55) rnelt was prepared and a 20% excess of L1Cl
was added. Both melts were allowed to stir for over a week Cl' was added to each melt

- until A12Cl7 “reduction was not observed. Cl was added to one melt as MEICl /

F3CCOOH (1 O 9959) Cl“ was added to the second melt m the form of MEICI / AlCl3
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- {N=0.31). Solid MEICI was not used because it dissolves more slo\vly in nearly neutral
~ melts. The other sources of Cl' are liquid and diSsolve more readily. CI- reacts with

- AlpCl7" as follows.

| Cr+ARClr e 2AIC

o Wrth both L1+ and A12C17 avarlable addrtronal CI appears to react preferentrally wrth '

- ,A12Cl7 Thrs may be a krnetlc phenomena Once all A12C17 is exhausted Cl reacts |

~with Lr'*‘ and LrCl is precrprtated

: After each buffered melt was prepared cychc voltarnmetry showed the reductlon | L

" of A12Cl7 and the subsequent oxrdatron of Al Frgure A 1 shows a cyclrc

voltamrnogram of the hthrum buffered neutral system A large reductron peak (I)

o assocrated w1th the addrtron of protons in the form of MEIC/F3CCOOH was observed

‘ near O V The A12Cl7 reductron peak (II) was observed at - -1. O V. A related oxrdatmn

current, the oxrdatlon of Al (V) was observed at —O 25 V Other notable features of
Frgure A. l are the raprd 1ncrease of reductron current (1IT) assocrated wrth the irreversible
- reduction of the organrc cation and the peak_current (IV) observed at scan reversal.

- Figure A.2 shows similar Al,Cly- reduction current (I) and the Alorcidation current (IV)

for the lithium buffered, neutral melt that was treated with basic (N-0.33) MEIC/AICI;,
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Figure A1 The reduction of AlzCly(I) and oxidation of AI(V) in melt A prior to

 the addition of the last aliquot of MEICVF3CCOOH to the lithium

~ chloride buffered, MEIC system.
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_ Figure A3. The absence of A12C!7; reduction in melt A after the addition of the =

last aliquot of MEICUF3CCOOH to the lithium chloride buffered,

| MEIC system.
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The onset of irreversible reduction of the organic cation (II) and the peak current at scan
reversal (ITI) was also observed. Cl- was added to each melt in small aliquots and a CV

was performed after each addition. When the CV indicated the absence of AlyCly

reduction and Al ox1dat10n the res1dual L1+ was calculated The cychc voltammogram
for the MEIC/F3CCOOH treated system after consumpt1on of all excess A12Cl7 is shown
in Flgure A 3 The magmtude of the current assoclated wrth MEIC/F3CCOOH addltlon
(I) is unchanged but the magmtude of the currents assoc1ated w1th A12Cl7 reductron (II)
and Al ox1datlon (III) is greatly dlmlmshed A srmllar CV for the melt treated w1th basrc
MEIC/A1C13 is shown in Flgure A 4 The currents due to A12Cl7 reduct10n (I) and Al

oxidatron (III) are completely el1mmated and a shght ox1dat10n current (II) presumably
due to Li oxrdation is obse'rved
The resultmg L1 concentratlon was calculated by assurmng that each mole of

chlonde source, MEIC/FgCCOOH or ba51c MEIC/A1C13, reacted wrth a mole of excess

Al»Ci7. By carefully recording the amount of each CthI‘lde source added, the amount of

excess or unbuffered AlCly~ was determined. Table A.1 contains the relevant numerical
results.

The data suggest that a maximum solubility of Li* exists at about 6x10-4 moles

per gram of melt. This means that the most acidic melt that could be buffered is one that
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is 0.54 mole fraction AICl3 (N=0.54). The data do, howp_vef, quahtify the ObsefvatiOn .

- thatLiCl cannot corripletcly buffer some acidic m‘c'lts‘.
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Figure A4. The absence of AlyCly- reduction in melt B after the addition of the

last aliquot of MEICVAICI3 to the lithium chloride buffered, MEIC

- system. o




‘Table A.1. Determination maximlim‘ Li+‘ concentration

T [MeltA

Melt B

Quantity of Melt (N=0.55)

28055

Ta6075

| Moles of AloCl7- before Buffering

- 2.08x102

3.31x102

Moles of LiCI Added | 249x102

397%102 |

“["Amount of MEICIF3CCOOH added

| o.s‘igv

Amount of MEICI/AICI3 (N=031)

19%g

Moles of CI- needed to consume

 Unbuffered AlCl~

|3.12x103

5.23x10-3

- Moles of residual Lit+ g

| 1.77x10°2

2.79x102

Concentration of residual Lit

(Moles Li*/g of mel)

'16.11x104

6.05x104
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_. A2 Impact of Proton Concéntration of Coulomblc Efﬁciency : S

' Tt has been observed that the presence of protons in room temperature

chloroaluminate melts extends the electrochemical window by making the reduction limit =~

' more negative. This extension allows the reduction of sodium and lithium within the =

| melt’wlndoyy' It has valso ’been observed that the 'effect of the addedprotons diminishes o
over time. The phenomena ’1s apparently' caused by the loss of protons fromthe melt .i
o '4presumably as HCl gas The effectlveness of proton addltlons can also be dnmmshed by
performlng reductlon at a potentlal somewhat negatlve of that of the alkah metal |
reductlon / ox1dat10n couple Thrs may be ea'used by fouhng of the‘ electrode. These t\yo "7-'
effects are dlfﬁcult to separate when workmg w1th an open cell The loss of protons due
’ to outgassrng seems to take place contlnuously and many experlments of 1nterest cychc |
voltammetry for example are performed whlle gradually makmg the reductlon hrmt more E
| negatlve. : | ‘ o
| A set of experiments w‘asf performed to examine thi’s’kpheno’rnenai one uSing cychc o
voltammetry (CV) the other using chronoamperometry (CA) The experlrnents were |

performed by addmg an ahquot of proton source (MEIHClz) to a buffered neutral melt

and repeatmg, at regular 1ntervals e1ther a CV or CA scan usmg a tungsten electrode
~ The melt was prepared by bufferlng an ac1d1c (N=0. 55) melt w1th L1Cl The buffermg

 was mcomplete, thus, the melt Was returned to neutrality by addltlon of MEICl / AlCl3
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(N=0.31). Many additions of protons were made to the melt before the experiments were
performed

The ﬁrst expertment was performed usmg CV The melt 1nd1cated an msufﬁcrent
proton concentratlon (no hthlum reductron/ox1datron couple) A s1ngle addltlon of

MEIHC12 was made and CV s performed at ten mmute mtervals After 80 mmutes the

efﬁcrency dropped from 90 4% to 85 6% At thlS time the cell was capped and left
stlrrmg overmght The next day (15 hours later) the CV's were contmued at ten lmnute
mtervals These results are shown in thure A 5 The ﬁrst scan of the serres 1s shown m
Frgure A 6 Flgure A 7 shows the effect of 1nsufﬁc1ent HCl rrrever51ble reductron of the
orgamc catlon

The second experrment was performed usmg CA Before the experlment the melt
showed msufﬁcrent proton concentratlon ie. no hthlum ox1dat10n was observed A

!

smgle add1t10n of MEIHC12 was made and CA's performed at ten mmute 1ntervals The

efﬁciencie’s mcreased to a’max1mu'm of 86.7% then decreased. The change in CA
efficiency versus time is shown in Figure A.8. The most efficient CA (86.7 %) is shown
in Figure A.9

Both of the previous experiments had essentially no time delay between reduction
of Li and its oxidation ‘Because the' stability of Li metal in cOntact with the melt is of
great 1nterest an addlttonal experlment was performed A set of CA's were performed

while varylng the time between the reductlon and ox1datlon during Wthh the cell is




| C0u‘ldmbicy Efficiency (%)

T | PR _
h VY TR T TR A N T/ b 1 | I Y
10 20 30 ,4()' 50 60

_132

100

80}~

)

4

1020 30 40 50 6070 80 M 0

‘Time (minutes) -

F igﬁre A5. Theloss in reduction-oxidation efﬁéiéxi@ versus time. for cv

-»c_:xperiniex;it»s '(in the lithium éhiotide "bkffgred, MEIC 'syStem o




133

00 =

~ Current Density (LA/cm?)

8000 -

12000 =

© 16000

2000 1500 . 1.000 0500

| 2.500

" Figure A.6. First cv aftér‘[;rotoh;addi'tiidh' to a lithium chloride buffered, MEIC e

| mov e




134

1300.0 '. "\ ’ 1 ’_“_ | ] 1

11000 p- R e SERR | ECR B

Current Dens‘ity (p,A/cniz)'

-~ s b —
3000 - = -
1000 |~ —

2.000 1500 1000 0500 0000 0500 -1000 -  -1500 2000  -2.500

CEW)

Figure A7 CcV shoWihg the result of insufﬁciélit proton concéntfatidh:for the

IR lithium buffered_ MEIC S};Stem; S




100

- Coulombic Efficiency ( %)

30k

.20

sl .,
g0l
T

B AR B D N RN I

" FigureAS.

10 20 30 40 50 60 70 80 90‘
Tlme (mmutes)

The loss in reductlon oxndatmn effic1ency versus tlme for CA

| expenments on the hthlum chlorlde buffered MEIC system |

135




136

L1750 | B B N T T° .1

. 1250 -
0.750 -

0250 b=

Caase
S50 =

L1250

E vs AVAI(TII) (Volts)

Came

2250 P

a0 PR | ey ey
025 0250 e 1280 1750 2250 2750 - 3250 3750 4250
= e ik § o

Figure A.9. The most efficient (87%) CA observed for the lithium buffered MEIC

 system.
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‘Table A.2. Suinméry’ of chronoamperometry experiments with open circuit

period in lithiuﬁl'buffgred system.

Experiment 'Nuﬁiber 1 ’Qpen'CirCuit Period (s) Coulombic Efﬁciéncy (%)

1 0 76

2 - , 6.8 . 23

3 . 0 , 2055




: disconnected and zero current is p’assedv.' 'l‘his Was 'done by startmg a CA scan and -

' disabhng .the cell by pressmg the "Cell Enable" button for the amount of time desrred for‘
v the delay The efficiencies dropped to zero for long delays A summary of these results '
lS shown in Table A 2 Followrng the last scan a brown coatmg was observed on the |

electrode.

A3 Trifluoroacetic Acid as a Proton Source

A popular proton source 'fo_r roorr_i"temnerature molten salts is MEIHClz This o

species is formed by the reaction of gaseous HCI and solid MEIC to form a liquid at room
, temperature. 'The stoichiometry of this liquid can range”from 0.18 to 1.4 moles of 'HCl p'er
mole of MEIC Unfortunately, melts treated w1th thlS proton source have been observed

' to outgas HCl and thus lose the beneﬁcral effect of HCl addmon In an effort to ﬁnd a

L proton source that d1d not outgas a neutral buffered melt was protonated w1th a

triﬂuoroacetic acid / MEIC solutlon and the electrochemistry observed

A neutral buffered melt was prepared by ﬁrst preparrng a neutral melt (N-O 50) by )
cornbining stoichiometric quantities of AlCl3 and MEIC. ThlS neu’tral melt »was’ treated
to remove protonic impuﬂties by addition of ethylalurrlinurndichloride (C2H5Al¢li;

Aldrich). CyHsAICl, reacts with protonics impurities in the form of HCI as follows:

'C,H,AICL, +HCl - C,H, +AlCl,.
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Next, the melt was made ac1d1c (N—O 55) by addmon of AlCl3 The melt was then
buffered by addttxon of a 20% excess of the stmchrometrtc amount of L1Cl needed to
react with the A12Cl7 present in the melt. The melt was allowed to stir for more than a
week. The reduction of excess CoH5AICl, was observed at tungsten and corrected by

the addition of a small amount (1 drop) of MEIHCl,. The LiCl did not appear to buffer

the melt completely Reductlon of A12Cl7 at tungsten and subsequent oxidation of Al

(shown in Flgure A. 10 ) per51sted even after 17 days of stlmng

MEIC / F3CCOOH was added to the melt in small ahquots A tungsten worktng

electrode was used for all experrments. .After the ﬁrst addrtron proton reductton was

observed. This reduction took the form of a very large peak centered at "0.12V. The
A12Cl7 reduction and Al oxrdatron was observed until the apparent Lit concentration
‘had been reduced to approxrmately 8. 3 mole% Clearly, all the 11th1um chlorlde d1d not

neutrahze the avallable A12Cl7 Thus the MEIC that was added to the melt as MEIC /

F3CCOOH reacted wrth the A12Cl7 and made the melt less ac1d1c ‘Once the add1t10nal
MEIC begrns to react w1th the dlssolved L1 to form L1Cl the melt 1s truly buffered

ALi reductlon / ox1dat10n couple appeared after two addlttonal ahquots of MEIC
/ F3CCOOH were added (shown in Fxgure A 11. ) This CV exhrblted an 1nterestmg
feature. "The lrthlum oxrdatlon Mi is superlmposed on a background reduction (II). The
sum of these two currents results in an oxidation peak that is shifted towards positive

currents. The actual concentration of protonic species could not be determined. The




proton concentratlon appeared to change wrth time as it does when protons are added as
MEIHC12 A Li couple that appeared reversrble was not observed unt11 the L1+ -

v_'concentratron had been reduced to 6.3 mole%. Thls couple (shown Flgure A. 12.) ShoWed
an efﬁcrency of 67. 2% The appearance of the lrthrum couple after repeated addmons of

: '/ _MEIC / F3CCOOH suggest two dlfferent explanatrons for thrs effect Whrle the 7
B 'F3CCOOH concentratxon is m'creasmg wrth repe’ated addrtrons, ‘the apparent Lr :

C concentratlon is decreasrng as MEIC reacts to neutrahze excess A12C17 or replace '

. »dissolved Li The threshold concentratron of F3CCOOH may be reached w1th the 1n1t1a] - :

| - MEIC / F3CCOOH addrtrons wrle subsequent addrtrons are necessary to achleve melt

neutrality.' o
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